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1.1 Physical and chemical properties of the cellular 
interior 
 
The living cell is a complex system in which thousands of molecular 
processes are going on simultaneously. Modern molecular biology has 
unraveled many of these processes, but because of the high degree of 
interactions between them it is hard, if not impossible, to predict overall 
behavior of the cell. To solve this problem, the focus in cell biology needs to 
shift towards a more quantitative instead of a qualitative description of 
cellular functioning.  
As a part of this it is important to understand how biomolecules 
behave in the cytoplasm with all its specific physics and chemistry, instead 
of reaction tube conditions. The environment inside a cell is extremely 
crowded (figure 1.1). Individual macromolecules are present in low 
concentrations, but together they occupy 20-30% of the available volume[1-2]. 
These low individual concentrations give rise to stochastic behavior[3-5], 
while the high total concentrations lead to significant sterical hindrance. 
Diffusion of macromolecules is therefore strongly reduced and non-
random[6-7]. Effective concentrations are increased because of the significant 
volume occupation, which leads to enhanced thermodynamic activities[8]. 
Last but not least, the reduced volume will lead to aggregation and 
compact folding of molecules to increase the available free volume[8-10].  
 
 
Figure 1.1. Artist impression of the crowded interior of an Escherichia coli cell[11].  
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1.2 FtsZ as a probe for physico-chemical properties of 
the cell  
 
FtsZ, homolog of eukaryotic tubulin, regulates cell division in many 
bacteria among which Escherichia coli[12]. It gives rise to a ring structure at 
the cell midpoint that will guide pinching of the cell wall and cell 
membrane when the chromosomes have separated, resulting in equal 
distribution of the cytoplasm volume and cell contents over the daughter 
cells (figure 1.2). Proper cell division requires tight regulation of FtsZ 
assembly both in time and space, for which different molecular 
mechanisms are known. On the other hand, FtsZ assembly is known to be 
very dependent on its physical and chemical environment, for which 
reason it is a useful probe to investigate the importance of the cell’s 
physico-chemical properties for protein behavior. In my research I 
incorporated the bacterial protein FtsZ in cell-like environments in order to 
learn more about the physics and chemistry that influence cellular 
processes.  
 
1.2.1 FtsZ regulates cell division  
 
FtsZ is a cell division protein encoded by the FtsZ (filamentous 
temperature sensitive mutant Z) gene, which is involved in an early stage of 
cell division in E. coli[14]. Overexpression of the protein induces the 
Figure 1.2. Schematic interpretation of the FtsZ ring guiding membrane and cell wall 
constriction[13]. 
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formation of minicells by inadequate cell division[15], as well as the 
occurrence of multiple division events per cell cycle[16]. Immunoelectron 
microscopy studies pointed out that FtsZ is self-assembling at the division 
site in a ring structure, called the Z-ring[17]. As a cytoskeletal actomyosin 
ring structure is involved in cell divisions in eukaryotes, this finding was a 
first indication that FtsZ could be a cytoskeletal protein. The discovery that 
FtsZ shows Mg2+-dependent GTPase activity[18-19], similar to the eukaryotic 
cytoskeleton protein tubulin, supported this idea. Moreover, FtsZ shows 
sequence similarity to tubulin[18-19] as well as tertiary structure similarity[20], 
and it was demonstrated that FtsZ is able to polymerize into protofilaments 
in vitro, in a GTP-dependent manner[21].  
Like tubulin, the FtsZ protein contains two main domains, of which 
the N-terminal domain binds GTP. Upon polymerization, the C-terminal 
domain of the next monomer binds on top of the GTP pocket and completes 
the active site for GTP hydrolysis[22] (figure 1.3). Thus, FtsZ induces its own 
depolymerization by GTP hydrolysis, and polymers disassemble as soon as 
the GTP pool is depleted[23]. Consequently, FtsZ structures are highly 
dynamic and a constant regeneration of GTP is required for them to be 
stable.  
Photobleaching experiments demonstrated that fluorescence 
recovers in the Z-ring in vivo with a half-time of around 10 seconds[25-26], and 
similar half-times can be found for FtsZ protofilaments in vitro[27]. Thus, the 
Z-ring is subject to continuous monomer turnover. The highly dynamic 
Figure 1.3. FtsZ protofilament[24], with the N-terminal domain in blue, the C-terminal 
domain in cyan and the C-terminal tail in purple. GDP (orange) is bound in the active site, 
which is made up of the N-terminal domain and a synergistic loop from the C-terminal 
domain (red).  
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nature of FtsZ suggests that FtsZ structures might be able to polymerize at 
one end while depolymerizing at the other, a process known as 
treadmilling in tubulin and other cytoskeletal proteins. However, only 
indirect evidence for treadmilling activity in FtsZ has been found[28]. Some 
studies indicate a form of dynamic instability instead in analogy with 
tubulin[29-30],, causing individual protofilament length to rapidly change.  
GTPase activity is dependent on the presence of cations other than 
Mg2+; for example K+ and Ca2+ in E. coli[31-32]. Variations in salt conditions 
also have a huge effect on protofilament shape and interactions[30]. Electron 
microscopy studies reported observation of sheets, rings, toroids, helices, 
and straight bundles (figure 1.4)[33-34]. Moreover, GTP-bound FtsZ often 
assembles into straight protofilaments, whereas the GDP-bound variant 
prefers the curved protofilament state found in minirings[35], a system 
which again corresponds to mechanisms known from the FtsZ homolog 
tubulin[36]. It suggests that a conformational change is the driving force for 
Z-ring contraction, with GTP hydrolysis providing the energy required to 
overcome surface tension, equivalent to the role of the actomyosin cell 
division ring in eukaryotic cells.  
 
 
Figure 1.4. Different FtsZ protofilaments shapes and higher-order structures. a) FtsZ sheets 
and toroids on a cationic surface[33], scale bar: 50 nm; b) FtsZ helix in a background of FtsZ 
toroids[34], scale bar: 200 nm; c) Straight FtsZ bundles[34], scale bar: 200 nm.  
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However, Z-ring contraction does not need for GTP hydrolysis in 
vivo. Defects in GTPase activity of FtsZ do not lead to altered ring closure 
rates, only to a delay in Z-ring formation[37]. These findings suggest a role 
for GTP hydrolysis and subsequent FtsZ depolymerization in FtsZ and Z-
ring modeling instead of actively pulling the membrane. Septum closure 
might be forced by synthesis of cell wall proteins, where FtsZ only acts as a 
scaffold to keep the machinery for cell wall synthesis in place. Meanwhile, 
GTPase activity might contribute to continuous FtsZ scaffold remodeling, 
such that it can adjust to the decreasing cell diameter.  
 
1.2.2 Proteins recruited at the divisome  
 
FtsZ recruits many other proteins that determine the shape and 
function of the division ring. In E. coli, for example the non-essential Zap 
proteins are thought to laterally connect FtsZ protofilaments into bundles 
and to stabilize the Z-ring in early assembly stages[38-42]. Also the membrane 
proteins ZipA and FtsA bind FtsZ early in divisome formation to recruit it 
to the cell membrane[43-45]. This binding is facilitated by the highly 
conserved C-terminal tail of FtsZ[46]. In mutants lacking a functional form of 
both ZipA and FtsA, Z-ring assembly is impeded; moreover, a lack of ZipA 
prohibits recruitment of FtsK to the septal ring, and thereby all proteins 
downstream FtsK[47]. FtsK is known to be a DNA translocase additional to 
its divisome-binding properties[48], and seems to play an essential role in 
chromosome segregation[49]. Subsequent to FtsK sequestering, the proteins 
FtsQ, FtsB, FtsL, FtsW, FtsI and FtsN are joining the division ring in 
mentioned order[12] (figure 1.5).  
 
 
Figure 1.5. Proteins sequestered to the cytoplasmic membrane by FtsZ.  
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These proteins are all essential to complete cell division, and their 
exact functions are currently being unravelled. For example, evidence was 
found that FtsW is involved in transport of cell wall precursors outside the 
cell membrane[50]. Moreover, FtsW and FtsN are able to interact with or, in 
the case of FtsN, even to activate peptidoglycan glycosyltransferases and 
synthases, which are involved in cell wall synthesis[51-53]. FtsI, also known as 
PBP3, is a transpeptidase that catalyzes peptidoglycan crosslinking[54]. 
These findings suggest that late division ring proteins play a role in cell 
wall synthesis and closure during cell division.  
 
1.2.3 Proteins regulating FtsZ localization   
 
After cell division, the viability of the daughter cells depends on 
proper distribution of the mother cell contents over the two new cells, 
which is especially important for the chromosomes. In order to provide a 
complete set of genetic information for each of the newborn cells, septation 
should occur after DNA replication and between the two resulting 
nucleoids. Bacteria developed different regulatory processes to fulfill these 
requirements. Besides ‘SOS’ mechanisms for cases of defects occurring 
during cell division, two processes are known that regulate FtsZ 
polymerization under normal circumstances.  
First, FtsZ assembly in E. coli is coordinated by the Min system. The 
discovery of this system started with the deletion of a locus in the E. coli 
genome that led to minicell formation[55]. This min locus was found to 
encode three proteins, MinC, MinD and MinE[56], which turned out to be 
oscillating between the cell poles[57-58] (figure 1.6). MinC is the actual 
inhibitor of FtsZ assembly[59] and is thought to both enhance FtsZ-GDP 
dissociation and block polymerization sites for FtsZ-GTP[60]. Computer 
simulations confirm that a smart interplay between MinD and MinE is able 
to induce oscillation of the MinCD concentration between the cell poles[61-64]. 
The oscillation pattern depends on cellular dimensions and oscillates 
optimally over a length scale of 5 µm[65], thereby automatically orientating 
itself in a pole-to-pole fashion in normally shaped E. coli cells. 
Consequently, the septal ring is directed to the cell middle with intriguing 
precision.  
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Figure 1.6. Oscillation of Min proteins in living E. coli cells; time in seconds. a) MinD-GFP 
oscillations[57], scale bar: 1 µm; b) MinC-GFP oscillations[58], scale bar: 2 µm. 
 
Additional to the Min system, FtsZ polymerization is controlled by 
nucleoid occlusion. This process involves inhibition of FtsZ assembly by the 
protein SlmA, which is only active when tetramerized on specific DNA 
sequences, SBSs (SlmA-binding sequences)[66-67]. Most SBSs are localized on 
the chromosome around the origin of replication, and SBSs are absent from 
the replication terminus domain. This way, the divisome can start to 
assemble between the chromosomes when DNA replication is almost 
completed, allowing time-efficient septation while preventing the division 
machinery from breaking a chromosome in pieces. Indeed, in SlmA-
defective mutants FtsZ structures are visible around nucleoids[68].  
Together, the nucleoid occlusion and Min systems inhibit septal ring 
formation until DNA-replication is complete and chromosomes have 
separated. Subsequently, they direct FtsZ assembly to the interface between 
the two nucleoids[69] (figure 1.7).  
 
 
Figure 1.7. Z-ring formation is spatially and temporally regulated by the Min system and 
nucleoid occlusion, adapted from Cho et al. 2011[67].  
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Although SlmA and MinC are FtsZ inhibitors, no septation is 
obtained in SlmA- Min- double mutants[68], which suggests that the 
localization machinery is also necessary to accumulate FtsZ in high enough 
concentrations to form a divisome. At the same time, SlmA- Min- double 
mutants still show a bias of FtsZ assembly towards the interface between 
nucleoids. The same holds for squeezed SlmA defective cells, in which the 
Min system is unable to operate properly[70]. This bias might be caused by 
additional effects such as volume exclusion or communication between the 
divisome and the nucleoids, for example FtsK-mediated chromosome 
transport.  
 
1.2.4 Z-ring assembly  
 
The formation of a functional Z-ring might depend on lateral 
interactions between single FtsZ protofilaments, which can be 
accomplished in different manners. First of all Zap proteins can bridge FtsZ 
protofilaments as mentioned earlier. Also ZipA enhances bundling[71-72], and 
formation of FtsA filaments could possibly facilitate protofilaments to 
assemble laterally[73]. Moreover, localization of FtsZ to the membrane by 
membrane-targeting proteins and further confinement to specific 
membrane regions by negative regulatory mechanisms elsewhere could 
lead to FtsZ bundling because local concentrations are drastically increased.  
 
 
Figure 1.8. Macromolecular crowding influences molecular behavior. a) In a crowded 
environment, large molecules are excluded from a significant part of the total volume (white 
circles); adapted from Ellis 2001[9]. b) In order to reduce the total excluded volume (grey 
squares), macromolecular crowding leads to higher association constants; adapted from 
Zhou et al. 2008[10].  
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Effective concentrations are also increased by crowded conditions, 
similar to those in living cells. This effect is known as macromolecular 
crowding. Macromolecular crowding is usually imitated in vitro with high 
concentrations of inert macromolecules such as polyethylene glycol or 
Ficoll. Large amounts of macromolecules significantly reduce each other’s 
available volume to occupy (figure 1.8a). This causes a shift of all equilibria 
towards more compact structures in order to increase the available free 
volume (figure 1.8b). This effect has a major influence on reaction kinetics, 
protein folding and binding constants[8-10]. In the case of FtsZ, such 
circumstances lead to the formation of bundles[74-76] if crowder 
concentrations are sufficiently high to create a depletion force that 
overcomes the repulsive forces between the protofilaments.  
A different way to overcome the repulsive forces between the 
negatively charged FtsZ protofilaments is the addition of polycations, 
according to the Manning theory[77]. Compounds with a sufficient positive 
charge density will act like a protofilament glue. For example the bivalent 
magnesium ion causes FtsZ bundling at concentrations above 10 mM[78]. 
When polycations of very high valency such as diethylaminoethyl (DEAE) 
dextran are used, FtsZ can even be bundled in the absence of GTP[79]. The 
addition of small polyamines such as spermidine or spermine, which are 
also present in the cytoplasm of many bacteria[80], lead to bundling of 
Mycobacterium tuberculosis FtsZ[81]. FtsZ from Bacillus subtilis even mediates 
its own cation-induced bundling by its positively charged residues at the C-
terminal tail[82].  
Zap proteins, high concentrations of macromolecules and 
polyamines are all present inside the bacterial cell, and it is not evident 
which of these factors are important for FtsZ assembly and remodeling in 
the cell division process. Polyamine knockdowns do proliferate, but rates 
are significantly reduced which might represent slower Z-ring formation or 
contraction[83]. And even though single Zap proteins are not essential, 
collectively they might still be crucial, and they do have an effect on 
constriction dynamics[84]. At the same time it seems that Zap proteins are 
responsible for the organization of bundles rather than single 
protofilaments[85], and that some additional bundling mechanism might be 
in play to form the Z-ring.  
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1.2.5 FtsZ in artificial systems  
 
Because of FtsZ’s relatively simple properties but complex behavior 
and high cellular importance, the protein is an interesting subject for 
studying the physical and chemical constraints that all proteins have to deal 
with inside the living cell. Moreover, the potential of FtsZ to mediate 
division of artificial cell-like systems has led to an approach where FtsZ is 
being incorporated into cell-like containers to see if a ring-like structure can 
be formed that is able to contract. This bottom-up approach to reconstitute 
the Z-ring is valuable to determine the essential physical, chemical and 
biological features that together facilitate its formation and contraction.  
Most research to reconstitution of the Z-ring was so far performed 
in liposomes, using FtsA, ZipA or a membrane targeting sequence (mts) to 
confine FtsZ to the vesicle membrane. FtsZ-mts was found to be non-
functional in vivo, but in elongated liposomes it is able to form rings that 
slightly deform the membrane[86] (figure 1.9a). However, eventually it 
turned out that this is most likely an artifact of membrane binding[87]. The 
same authors later claimed liposome division when they incorporated FtsZ 
and FtsA in liposomes[88] (figure 1.9b). However, the mechanism of division 
was never well visualized or explained, and the daughter liposomes did not 
separate from each other. Rivas and coworkers in the meantime worked on 
the encapsulation of FtsZ and membrane-targeting proteins in giant 
unilamellar vesicles. They showed that FtsZ and FtsA influence each other’s 
localization on the membrane[89] and they managed to let vesicles contract 
upon incorporation of FtsZ and ZipA[90] (figure 1.9c).  
Electroncryotomography of encapsulated Thermotoga maritima FtsZ 
and FtsA showed that the proteins form two single layers of filaments on 
the membrane and contract, suggesting that filaments are able to slide 
along each other to reach an optimum curvature that relieves the repeat 
mismatch between FtsZ and FtsA filaments[91] (figure 1.9d).  
Schwille and coworkers managed to localize FtsZ-mts in membrane 
wells by incorporation of the Min system[92] (figure 1.9e); later on they did 
the same in water-in-oil droplets with a single membrane layer[93] (figure 
1.9f). The Min system alone, however, was not enough to form a single FtsZ 
ring, neither did these systems show any signs of contractive forces.  
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Figure 1.9. FtsZ in artificial cells. a) The formation of FtsZ rings in liposome tubes leads to 
invagination of the membrane, scale bar: 5 µm; b) After incorporation of FtsZ and FtsA in 
liposomes, invagination of the membrane and separation of the liposome contents was 
obtained, scale bar: 10 µm; c) An interplay between FtsZ (green) and ZipA (red) leads to 
liposome contraction, time in seconds, scale bar: 10 µm; d) Electron microscopy revealed that 
FtsZ and FtsA together can form contractive rings in liposomes, scale bar: 50 nm; e) FtsZ can 
be directed to the center of membrane wells by incorporation of the Min system, scale bar: 5 
µm; f) FtsZ localization via the Min system can also be done in droplets, scale bar: 10 µm.  
 
Thus, although we can learn from these systems, it seems that still 
some information is missing to complete a functional septal ring. Therefore 
it would be useful to take a step back and study FtsZ behavior in bulk 
- 21 - 
 
solution or other, simpler systems to learn about other essential features of 
FtsZ dynamics such as the effects of crowding and polycations.  
The microdroplets in microfluidics platform provides such a system. 
It involves a microchannel flow system that uses the partition of an 
aqueous flow when it is led into an oil flow (figure 1.10). The generated 
droplets in emulsion are monodispersed and can be produced in large 
amounts with a precise control over droplet size and contents; the droplet 
volume is typically in the femtoliter to nanoliter range[94]. The droplets can 
be easily shaped by forcing them into channels or traps and the cellular 
environment can be further resembled by stabilization of the droplets with 
phospholipids instead of artificial surfactants, resulting in the formation of 
a membrane monolayer around each droplet[95]. Additionally, microfluidic 
methods can be used to produce monodispersed liposomes[96]. Also Dekker 
and coworkers developed a method to produce monodispersed liposomes 
and already showed that FtsZ can be incorporated and bundled within 
these vesicles[97].  
Other simple systems that have not yet been explored in 
combination with FtsZ are complex coacervates. These structures are liquid 
phase-separated colloids that exist by electrostatic interactions between 
polycations and polyanions[99-100]. Complex coacervates are good candidates 
for having comprised the first cell-like structures in the primordial soup, 
since they are simple aqueous compartments in which other molecules can 
accumulate, and RNA can be used as the polyanion[101-102]. This way, 
primordial structures possibly have been able to evolve information 
carriers and compartmentalization at once[103-104]. Nowadays, cells use 
Figure 1.10. Monodispersed water-in-oil droplets produced by microfluidics[98].  
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complex coacervation to form all kinds of liquid, membraneless organelles 
such as nucleoli, cajal bodies and P granules[105]. Interestingly, also the 
centrosome that coordinates tubulin polymerization is thought to be a 
coacervate[106].  
Since polycations induce FtsZ bundling, and complex coacervates 
are also crowded environments, strong FtsZ bundling inside this 
environment is to be expected. Such a system could be used to obtain new 
information about polymerization physics in polyelectrolyte environments 
or to explore possible roles of FtsZ in evolution.  
 
1.3 Aim  
 
Bacteria are simple organisms in which most processes are to a large 
extent subject to their physico-chemical environment. Cell division, in 
which the protein FtsZ plays a major role, is probably one of these 
processes. The dynamic nature of FtsZ and its ability to assemble in higher-
order structures makes it a useful probe to study the physico-chemical 
properties of the cytoplasm and to learn how biology is taking advantage of 
these intrinsic properties, both in FtsZ assembly and in general. This will 
also give better insights in manners to accomplish artificial cell division.  
In this thesis, I explore the effects of macromolecular crowding and 
electrostatic interactions on E. coli FtsZ assembly and dynamics in 
environments that resemble the bacterial cytoplasm as closely as possible. I 
will compare these conditions to inert crowding agents, of which the effects 
on FtsZ are roughly known already[74-76], but which are not necessarily 
biologically relevant. Furthermore, I incorporate FtsZ in complex 
coacervates to determine its behavior in an environment that can be 
considered to be cell-like regarding its crowded properties, electrostatic 
interactions and possible evolutionary relevance.  
 
1.4 References 
 
[1] S. B. Zimmerman, S. O. Trach, J Mol Biol 1991, 222, 599-620. 
[2] A. H. Elcock, Current opinion in structural biology 2010, 20, 196-206. 
[3] E. Levine, T. Hwa, P Natl Acad Sci USA 2007, 104, 9224-9229. 
- 23 - 
 
[4] H. Maamar, A. Raj, D. Dubnau, Science 2007, 317, 526-529. 
[5] M. M. Hansen, L. H. Meijer, E. Spruijt, R. J. Maas, M. V. Rosquelles, 
J. Groen, H. A. Heus, W. T. S. Huck, Nat Nanotechnol 2016, 11, 191-
197. 
[6] I. Golding, E. C. Cox, Phys Rev Lett 2006, 96. 
[7] D. Ridgway, G. Broderick, A. Lopez-Campistrous, M. Ru’aini, P. 
Winter, M. Hamilton, P. Boulanger, A. Kovalenko, M. J. Ellison, 
Biophys J 2008, 94, 3748-3759. 
[8] A. P. Minton, Journal of Biological Chemistry 2001, 276, 10577-10580. 
[9] R. J. Ellis, Trends Biochem Sci 2001, 26, 597-604. 
[10] H. X. Zhou, G. Rivas, A. P. Minton, Annu Rev Biophys 2008, 37, 375-
397. 
[11] D. S. Goodsell, Biochem Mol Biol Edu 2009, 37, 325-332. 
[12] W. Margolin, Nat Rev Mol Cell Bio 2005, 6, 862-871. 
[13] S. Freeman, Biological Science, 3rd ed., Pearson, 2008. 
[14] J. F. Lutkenhaus, H. Wolfwatz, W. D. Donachie, J Bacteriol 1980, 142, 
615-620. 
[15] J. E. Ward, J. Lutkenhaus, Cell 1985, 42, 941-949. 
[16] E. Bi, J. Lutkenhaus, J Bacteriol 1990, 172, 2765-2768. 
[17] E. Bi, J. Lutkenhaus, Nature 1991, 354, 161-164. 
[18] P. Deboer, R. Crossley, L. Rothfield, Nature 1992, 359, 254-256. 
[19] A. Mukherjee, K. Dai, J. Lutkenhaus, P Natl Acad Sci USA 1993, 90, 
1053-1057. 
[20] J. Lowe, L. A. Amos, Nature 1998, 391, 203-206. 
[21] A. Mukherjee, J. Lutkenhaus, J Bacteriol 1994, 176, 2754-2758. 
[22] H. P. Erickson, Trends Cell Biol 1998, 8, 133-137. 
[23] A. Mukherjee, J. Lutkenhaus, Embo J 1998, 17, 462-469. 
[24] H. P. Erickson, D. E. Anderson, M. Osawa, Microbiology and 
Molecular Biology Reviews 2010, 74, 504-528. 
[25] D. E. Anderson, F. J. Gueiros-Filho, H. P. Erickson, J Bacteriol 2004, 
186, 5775-5781. 
[26] B. Geissler, D. Shiomi, W. Margolin, Microbiology 2007, 153, 814-825. 
[27] Y. Chen, H. P. Erickson, J Biol Chem 2005, 280, 22549-22554. 
[28] S. D. Redick, J. Stricker, G. Briscoe, H. P. Erickson, J Bacteriol 2005, 
187, 2727-2736. 
Chapter 1 Introduction 
 
- 24 - 
 
[29] D. J. Scheffers, T. den Blaauwen, A. J. Driessen, Mol Microbiol 2000, 
35, 1211-1219. 
[30] D. Popp, M. Iwasa, H. P. Erickson, A. Narita, Y. Maeda, R. C. 
Robinson, Journal of Biological Chemistry 2010, 285, 11281-11289. 
[31] C. L. Lu, J. Stricker, H. P. Erickson, Cell Motil Cytoskel 1998, 40, 71-86. 
[32] X. C. Yu, W. Margolin, Embo J 1997, 16, 5455-5463. 
[33] H. P. Erickson, D. W. Taylor, K. A. Taylor, D. Bramhill, P Natl Acad 
Sci USA 1996, 93, 519-523. 
[34] D. Popp, M. Iwasa, A. Narita, H. P. Erickson, Y. Maeda, Biopolymers 
2009, 91, 340-350. 
[35] C. L. Lu, M. Reedy, H. P. Erickson, J Bacteriol 2000, 182, 164-170. 
[36] A. A. Hyman, D. Chretien, I. Arnal, R. H. Wade, J Cell Biol 1995, 128, 
117-125. 
[37] C. Coltharp, J. Buss, T. M. Plumer, J. Xiao, Proc Natl Acad Sci U S A 
2016, 113, E1044-1053. 
[38] F. J. Gueiros, R. Losick, Gene Dev 2002, 16, 2544-2556. 
[39] G. Ebersbach, E. Galli, J. Moller-Jensen, J. Lowe, K. Gerdes, Mol 
Microbiol 2008, 68, 720-735. 
[40] C. A. Hale, D. Shiomi, B. Liu, T. G. Bernhardt, W. Margolin, H. Niki, 
P. A. J. de Boer, J Bacteriol 2011, 193, 1393-1404. 
[41] J. M. Durand-Heredia, H. H. Yu, S. De Carlo, C. F. Lesser, A. 
Janakiraman, J Bacteriol 2011, 193, 1405-1413. 
[42] J. Durand-Heredia, E. Rivkin, G. Fan, J. Morales, A. Janakiraman, J 
Bacteriol 2012, 194, 3189-3198. 
[43] C. A. Hale, P. A. J. deBoer, Cell 1997, 88, 175-185. 
[44] X. D. Wang, J. A. Huang, A. Mukherjee, C. Cao, J. Lutkenhaus, J 
Bacteriol 1997, 179, 5551-5559. 
[45] S. Pichoff, J. Lutkenhaus, Molecular Microbiology 2005, 55, 1722-1734. 
[46] X. Ma, W. Margolin, J Bacteriol 1999, 181, 7531-7544. 
[47] S. Pichoff, J. Lutkenhaus, Embo J 2002, 21, 685-693. 
[48] P. J. Pease, O. Levy, G. J. Cost, J. Gore, J. L. Ptacin, D. Sherratt, C. 
Bustamante, N. R. Cozzarelli, Science 2005, 307, 586-590. 
[49] X. C. Yu, E. K. Weihe, W. Margolin, J Bacteriol 1998, 180, 6424-6428. 
[50] T. Mohammadi, V. van Dam, R. Sijbrandi, T. Vernet, A. Zapun, A. 
Bouhss, M. Diepeveen-de Bruin, M. Nguyen-Disteche, B. de Kruijff, 
E. Breukink, Embo J 2011, 30, 1425-1432. 
- 25 - 
 
[51] C. Fraipont, S. Alexeeva, B. Wolf, R. van der Ploeg, M. Schloesser, T. 
den Blaauwen, M. Nguyen-Disteche, Microbiol-Sgm 2011, 157, 251-
259. 
[52] A. Derouaux, B. Wolf, C. Fraipont, E. Breukink, M. Nguyen-
Disteche, M. Terrak, J Bacteriol 2008, 190, 1831-1834. 
[53] P. Muller, C. Ewers, U. Bertsche, M. Anstett, T. Kallis, E. Breukink, 
C. Fraipont, M. Terrak, M. Nguyen-Disteche, W. Vollmer, Journal of 
Biological Chemistry 2007, 282, 36394-36402. 
[54] F. Ishino, M. Matsuhashi, Biochem Biophys Res Commun 1981, 101, 
905-911. 
[55] H. I. Adler, W. D. Fisher, A. Cohen, A. A. Hardigree, P Natl Acad Sci 
USA 1967, 57, 321-326. 
[56] P. A. J. Deboer, R. E. Crossley, L. I. Rothfield, Cell 1989, 56, 641-649. 
[57] D. M. Raskin, P. A. de Boer, Proc Natl Acad Sci U S A 1999, 96, 4971-
4976. 
[58] D. M. Raskin, P. A. J. de Boer, J Bacteriol 1999, 181, 6419-6424. 
[59] P. A. J. Deboer, R. E. Crossley, L. I. Rothfield, J Bacteriol 1992, 174, 
63-70. 
[60] S. Arumugam, Z. Petrasek, P. Schwille, Proc Natl Acad Sci U S A 
2014, 111, E1192-1200. 
[61] M. Howard, A. D. Rutenberg, S. de Vet, Phys Rev Lett 2001, 87, 
E278102. 
[62] H. Meinhardt, P. A. J. de Boer, P Natl Acad Sci USA 2001, 98, 14202-
14207. 
[63] K. Kruse, Biophys J 2002, 82, 618-627. 
[64] K. C. Huang, Y. Meir, N. S. Wingreen, P Natl Acad Sci USA 2003, 
100, 12724-12728. 
[65] F. Wu, B. G. van Schie, J. E. Keymer, C. Dekker, Nat Nanotechnol 
2015, 10, 719-726. 
[66] N. K. Tonthat, S. T. Arold, B. F. Pickering, M. W. Van Dyke, S. D. 
Liang, Y. Lu, T. K. Beuria, W. Margolin, M. A. Schumacher, Embo J 
2011, 30, 154-164. 
[67] H. B. Cho, H. R. McManus, S. L. Dove, T. G. Bernhardt, P Natl Acad 
Sci USA 2011, 108, 3773-3778. 
[68] T. G. Bernhardt, P. A. J. de Boer, Mol Cell 2005, 18, 555-564. 
[69] X. C. Yu, W. Margolin, Molecular Microbiology 1999, 32, 315-326. 
Chapter 1 Introduction 
 
- 26 - 
 
[70] J. Mannik, F. B. Wu, F. J. H. Hol, P. Bisicchia, D. J. Sherratt, J. E. 
Keymer, C. Dekker, P Natl Acad Sci USA 2012, 109, 6957-6962. 
[71] D. RayChaudhuri, Embo J 1999, 18, 2372-2383. 
[72] C. A. Hale, A. C. Rhee, P. A. de Boer, J Bacteriol 2000, 182, 5153-5166. 
[73] P. Szwedziak, Q. Wang, S. M. Freund, J. Lowe, Embo J 2012, 31, 2249-
2260. 
[74] J. M. Gonzalez, M. Jimenez, M. Velez, J. Mingorance, J. M. Andreu, 
M. Vicente, G. Rivas, J Biol Chem 2003, 278, 37664-37671. 
[75] S. Mellouli, B. Monterroso, H. R. Vutukuri, E. te Brinke, V. 
Chokkalingam, G. Rivas, W. T. S. Huck, Soft Matter 2013, 9, 10493-
10500. 
[76] B. Monterroso, B. Reija, M. Jimenez, S. Zorrilla, G. Rivas, Plos One 
2016, 11, e0149060. 
[77] G. S. Manning, Accounts Chem Res 1979, 12, 443-449. 
[78] Y. Chen, H. P. Erickson, Biochemistry 2009, 48, 6664-6673. 
[79] H. P. Erickson, D. Stoffler, J Cell Biol 1996, 135, 5-8. 
[80] C. W. Tabor, H. Tabor, Microbiol Rev 1985, 49, 81-99. 
[81] D. Popp, M. Iwasa, H. P. Erickson, A. Narita, Y. Maeda, R. C. 
Robinson, J Biol Chem 2010, 285, 11281-11289. 
[82] P. J. Buske, P. A. Levin, J Biol Chem 2012, 287, 10945-10957. 
[83] M. K. Chattopadhyay, H. Tabor, J Biol Chem 2013, 288, 33559-33570. 
[84] J. Buss, C. Coltharp, G. Shtengel, X. Yang, H. Hess, J. Xiao, PLoS 
Genet 2015, 11, e1005128. 
[85] J. Buss, C. Coltharp, T. Huang, C. Pohlmeyer, S. C. Wang, C. Hatem, 
J. Xiao, Mol Microbiol 2013, 89, 1099-1120. 
[86] M. Osawa, D. E. Anderson, H. P. Erickson, Science 2008, 320, 792-
794. 
[87] A. Vahid, T. Idema, Phys Rev Lett 2016, 117, e138102. 
[88] M. Osawa, H. P. Erickson, Proc Natl Acad Sci U S A 2013, 110, 11000-
11004. 
[89] M. Jimenez, A. Martos, M. Vicente, G. Rivas, J Biol Chem 2011, 286, 
11236-11241. 
[90] E. J. Cabre, A. Sanchez-Gorostiaga, P. Carrara, N. Ropero, M. 
Casanova, P. Palacios, P. Stano, M. Jimenez, G. Rivas, M. Vicente, J 
Biol Chem 2013, 288, 26625-26634. 
- 27 - 
 
[91] P. Szwedziak, Q. Wang, T. A. Bharat, M. Tsim, J. Lowe, Elife 2014, 3, 
e04601. 
[92] K. Zieske, P. Schwille, Elife 2014, 3, e03949. 
[93] K. Zieske, G. Chwastek, P. Schwille, Angew Chem Int Ed Engl 2016, 
128, 13653–13657. 
[94] A. B. Theberge, F. Courtois, Y. Schaerli, M. Fischlechner, C. Abell, F. 
Hollfelder, W. T. S. Huck, Angew Chem Int Edit 2010, 49, 5846-5868. 
[95] M. Takinoue, S. Takeuchi, Anal Bioanal Chem 2011, 400, 1705-1716. 
[96] N. N. Deng, M. Yelleswarapu, W. T. S. Huck, Journal of the American 
Chemical Society 2016, 138, 7584-7591. 
[97] S. Deshpande, Y. Caspi, A. E. Meijering, C. Dekker, Nat Commun 
2016, 7, 10447. 
[98] P. N. Nge, C. I. Rogers, A. T. Woolley, Chem Rev 2013, 113, 2550-
2583. 
[99] J. van der Gucht, E. Spruijt, M. Lemmers, M. A. Cohen Stuart, J 
Colloid Interface Sci 2011, 361, 407-422. 
[100] D. Priftis, N. Laugel, M. Tirrell, Langmuir 2012, 28, 15947-15957. 
[101] W. M. Aumiller, Jr., C. D. Keating, Nat Chem 2016, 8, 129-137. 
[102] T. N. Evreinova, Karnaukh.Wn, Mamontov.Tw, G. R. Ivanizki, J 
Colloid Interf Sci 1971, 36, 18-23. 
[103] S. Koga, D. S. Williams, A. W. Perriman, S. Mann, Nat Chem 2011, 3, 
720-724. 
[104] T. Z. Jia, A. C. Fahrenbach, N. P. Kamat, K. P. Adamala, J. W. 
Szostak, Nat Chem 2016, 8, 915-921. 
[105] C. P. Brangwynne, P. Tompa, R. V. Pappu, Nat Phys 2015, 11, 899-
904. 
[106] D. Zwicker, M. Decker, S. Jaensch, A. A. Hyman, F. Jülicher, P Natl 
Acad Sci USA 2014, 111, E2636-E2645. 
 
 
 
  
- 29 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2. FtsZ bundling in associative 
crowded solutions  
 
 
Abstract  
 
The effects of macromolecular crowding on biological processes are 
usually studied by the addition of inert crowding agents. The cytosol, 
however, contains biomolecules that undergo associative interactions. 
Previous work in our group showed that a crowding sensor was hardly 
affected by high concentrations of proteins or cell lysate. A model was 
proposed which predicts that only for large crowding probes, depletion 
forces can dominate in crowding agents that have associative interactions. 
To check this hypothesis we tested FtsZ protofilament bundling in different 
crowding agents, and found that bundles were formed in protein crowders 
and lysate as well as inert crowders. Via super-resolution microscopy, we 
observed that FtsZ bundles in different crowding agents have different 
morphologies which can be ascribed to the crowder properties.  
Parts of this chapter were published by J. Groen, D. Foschepoth, E. 
te Brinke, A.J. Boersma, H. Imamura, G. Rivas, H.A. Heus and W.T.S. Huck, 
2015, J. Am. Chem. Soc. 137:13041-48.   
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2.1 Introduction  
 
Although it is known that the physical environment within a cell is 
very different from the classic environment in which chemical reaction 
kinetics are studied, it is unknown how exactly this environment, 
characterized by very dense solutions, affects cellular chemistry. In 
particular, it is unknown how macromolecular crowding inside the 
cytoplasm exactly affects biochemical processes such as FtsZ protofilament 
bundling. Estimations how cellular assembly processes are influenced by 
crowding have so far relied on calculations of the depletion forces in a 
crowded environment.  
A depletion force arises in such environments in order to minimize 
the free energy of crowder molecules[1]. As a result of this force, the volume 
from which the crowder molecules are being excluded is minimized. The 
excluded volume is the volume around a macromolecule that can not be 
entered by the center of mass of a crowder molecule because of sterical 
hindrance. If two macromolecules come close enough to make their 
excluded volumes overlap, the total excluded volume of the two molecules 
is reduced (figure 2.1). At the same time, crowder molecules are excluded 
from the space between the two molecules and as a result, there is a 
difference in the concentration of background macromolecules around and 
Figure 2.1. When two probes in a crowded medium approach each other, the excluded 
volumes overlap and the total excluded volume is reduced. Moreover, an osmotic pressure 
pushes the probes together when the crowding agent is excluded from the space between 
the probes.  
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between the two molecules. This generates an osmotic pressure which 
pushes the molecules together. An environment where such depletion 
forces dominate will therefore favor associations and compact 
conformations of molecules[2-3].  
However, the interactions in the cellular environment are not 
exclusively repulsive. Biomolecules have numerous non-specific 
interactions with each other because of their large variety in size, shape, 
charge and functional groups. Thus, the crowding effects in the cellular 
environment can not be completely determined by depletion forces[4], and 
chemical interactions between macromolecules need to be considered in 
addition to excluded volume effects.  
So far, the effects of macromolecular crowding on biochemical 
reactions were mainly studied in vitro by the addition of inert polymers 
such as polyethylene glycol (PEG), Ficoll or dextran in high concentrations. 
Under these circumstances, crowding has a large effect, resulting in 
increased association constants and rates[5-11], increased protein stability[12-16] 
and increased aggregation[17-19]. However, it remains unclear whether these 
effects are actually relevant in vivo.  
To measure depletion forces it is possible to use a FRET (Förster 
Resonance Energy Transfer) based crowding sensor, because it will show 
an increased FRET efficiency when the two fluorophores of the probe are 
pressed together[20-21] (figure 2.2a). Previously, measurements of an ATP-
sensitive FRET sensor in Escherichia coli, under conditions that inhibit ATP 
production, showed efficiencies lower than those measured in buffer[22]. 
Figure 2.2. a) Depletion interactions promote a more compact conformation of a FRET probe, 
which induces an increase in FRET efficiency. Image adapted from Imamura et al. 2009[23]. b) 
FRET efficiencies of the crowding sensor in different crowded conditions at 37 °C. In cell 
measurement of the probe in E. coli at 37 °C was included as a data point at 25 vol% E. coli 
lysate. Error bars: standard deviation.  
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This effect was studied in more detail in our group with a FRET sensor 
from Imamura and coworkers[23]. By using E. coli lysate to mimic cytosolic 
conditions in vitro and comparing these to inert and non-inert crowding 
conditions, our group showed that this sensor has an increased FRET 
efficiency in inert crowding agents, but not in the presence of the protein 
crowders bovine serum albumin (BSA) and ovomucoid or E. coli lysate 
(figure 2.2b)[24].  
Thus, associative interactions counteract depletion forces and inhibit 
a conformational change of the crowding sensor in a crowded environment. 
Interestingly, the FRET efficiency even goes down at low volume 
percentages when associative interactions are present, and partly recovers 
at close-to-physiological percentages. This effect is most pronounced for 
cell lysate. It seems that at high volume percentages, depletion interactions 
overcome associative interactions and promote more compact 
conformations of the probe. To see whether the observed results with the 
crowding sensor can be explained by non-specific repulsive and attractive 
forces, a model was developed by Joost Groen that balances the entropy 
gain and enthalpy loss as a function of overlap volume between two 
molecular objects[24]. To calculate depletion interactions between probes of 
radius R, the Asakura-Oosawa theory was used[1-2], giving:  
 
∆𝐺0′𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 = − (1 +
3
2(
𝑟
𝑅
)
) 𝜑𝑘𝐵𝑇                              (2.1)  
 
Where r is the diameter of the crowding agent, φ the volume 
fraction of crowding agent, kB the Boltzmann constant and T the 
temperature in Kelvin.  
For the associative interactions, the free energy is determined by:  
 
    ∆𝐺0′𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑘𝐵𝑇𝑙𝑛𝐾𝐷                                      (2.2)  
 
With KD the dissociation constant between to associating probes. 
When probe molecules are pushed together by the depletion force, part of 
the probe surface becomes unavailable for associative chemical interactions 
with the crowding agent (figure 2.3a). This buried surface leads to a free 
energy penalty which counteracts the depletion interaction:  
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∆𝐺0′𝑝𝑒𝑛𝑎𝑙𝑡𝑦 = 𝑣𝑁𝑏∆𝐺
0′
𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛                                (2.3) 
 
Where v is the fraction of probe surface undergoing associative 
interactions, calculated according to Minton, 2013[25] and Nb is the number 
of buried crowder binding sites, which depends on the size of the probe. 
The effective free energy (∆𝐺0′𝑒𝑓𝑓) is now calculated by balancing the free 
energies:  
 
∆𝐺0′𝑒𝑓𝑓 = ∆𝐺
0′
𝑝𝑒𝑛𝑎𝑙𝑡𝑦 − ∆𝐺
0′
𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 = 𝑘𝐵𝑇 (𝜐𝑁𝑏 𝑙𝑛 𝐾𝐷 + (1 +
3𝑅
2𝑟
) 𝜑) (2.4) 
 
Positive values for ∆𝐺0′𝑒𝑓𝑓 represent a net depletion force while at a 
negative value, associative interactions with the background molecules are 
overcoming such forces.  
 
Figure 2.3. Model predictions of free energy values of depletion and associative interactions. 
BSA was taken as a crowding agent at different volume fractions (Φc).  a) Representation of 
the FRET probe for depletion, dotted circles represent hard-core excluded volume and 
magenta area denotes overlap volume; b) ΔG0’depletion calculated for different probe radii; c) 
ΔG0’penalty calculated for different probe radii; d) ΔG0’eff calculated for different probe radii; e) 
Zoom in on the effective free energy around the critical volume fractions; f) Calculations of 
ΔG0’eff for different binding site dissociation constants with a probe of 2.8 nm radius. 
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Using literature values for the dissociation constant between 
calmodulin and E. coli lysate of 0.22 mM[26] and calmodulin’s stokes radius 
of 2.4 nm[27], as well as BSA’s stokes radius of 3.6 nm[28] to represent possible 
crowding conditions, the model shows that only at significant volume 
fractions a net depletion force is present (figure 2.3b-d). The initial dip in 
the effective free energy is in agreement with the measured dip in FRET 
efficiency in BSA, ovomucoid and cell lysate. At higher volume fractions of 
the crowding agent, the probe becomes saturated for associative 
interactions. As a result the depletion force, that keeps on increasing 
linearly, takes over. Importantly, the critical volume fraction to provide a 
net depletion force is varying with the size of the probe. For relatively small 
probes with the size of a single protein (figure 2.3e, black line), the critical 
volume fraction is around 20%, which is significantly higher than for the 
larger probes. Furthermore, the critical volume fraction will vary with the 
dissociation constant of the nonspecific associative interaction (figure 2.3f).  
This model thus predicts that the average-sized protein will hardly 
be affected by depletion forces in vivo, which is in agreement with the 
finding that FRET probes are not changing their conformation in non-inert 
crowding media. Larger biomolecules and assemblies of biomolecules, 
however, can still be exposed to crowding effects in the cytoplasm to a 
large extent according to the model.  
FtsZ protafilaments are such assemblies that would still be affected 
by depletion forces in non-inert crowding agents. FtsZ  monomers have a 
hydrodynamic radius of 5 nm[29] and protofilaments have a persistence 
length of 54 nm[30]. By approximating an FtsZ protofilament with a cilinder, 
the overlap volume of two FtsZ protofilaments of the persistence length is 
67x larger than the overlap volume of the FRET sensor, when calculating it 
for two parallel probes that are at a distance 2(R+r)-0.1 and thus have 
slightly overlapping excluded volumes.  
Since FtsZ protofilaments are known to assemble in the presence of 
inert crowding agents[31-32], FtsZ is a suitable probe to test the hypothesis 
that large molecules and molecular assemblies are also subject to depletion 
forces in the presence of associative interactions and to get further insights 
how such structures are affected by macromolecular crowding inside the 
cell.  
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2.2 Results 
 
2.2.1 FtsZ bundle formation in droplet microfluidics  
 
FtsZ protofilament formation and bundling can be measured using 
different techniques such as dynamic or static light scattering and 
sedimentation velocity[33]. These methods give good quantitative insights in 
FtsZ assembly but do not allow visualization of FtsZ structures. We 
developed a semi-quantitative technique that enables imaging of FtsZ 
bundles to compare their morphologies. Preparation and visualization of 
FtsZ bundles should be done in a controlled manner, since FtsZ solutions 
are prone to becoming highly heterogeneous and bundling can be easily 
affected by mechanical influences such as pipetting. To overcome this 
problem, an approach can be used where FtsZ is incorporated in small 
compartments instead of bulk solution. The droplet microfluidics platform 
is very suitable in this regard, because it provides precise control over flow 
rates and droplet sizes[34], such that thousands of similar droplets can be 
generated in a highly reproducible manner.  
As published previously[35], we designed PDMS-based microfluidic 
chips that are suitable for on-chip FtsZ and GTP mixing, water-in-oil 
droplet production and droplet imaging (figure 2.4a). Via double flow-
focussing junctions, FtsZ and GTP solutions can be brought together and 
immediately incorporated in droplets so that mixing and shear force 
conditions are highly reproducible (figure 2.4b). After cutting the inlet 
tubings to immediately stop the flows, several hundreds of FtsZ droplets 
remain in the imaging chamber and can be followed over time using 
confocal microscopy. Moreover, PDMS is not completely impermeable and 
Figure 2.4. Microfluidic chip for producing and imaging FtsZ droplets. a) Overview of the 
design with inlets, droplet production junctions, mixing channel, imaging reservoir and 
outlet; b) FtsZ droplet production. Crowding agents are mixed with one or both of the 
aqueous phases.  
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water will slowly evaporate from the droplets. In the center of the imaging 
chamber, this effect is negligible in the first 30-60 minutes, whereas at the 
edges, droplet shrinking is considerably faster. This allows us both to 
follow stable droplets and to monitor concentration effects in a single run.  
 
2.2.2 Bundle formation of FtsZ induced by depletion interactions 
 
To study the effects of depleting and associative forces on the 
bundling of FtsZ protofilaments, shrinking droplets with different 
crowding agents were followed to determine critical volume fractions for 
bundle formation. Since single FtsZ protofilaments are too small to be 
resolved by confocal microscopy, bundling can be observed as the 
emergence of elongating inhomogeneities inside the droplets that will 
eventually form a network of structures.  
Protofilament bundle formation in microfluidic droplets was tested 
in PEG, Ficoll, BSA, ovomucoid and E. coli lysate and compared with the 
control situation without crowding agent (figure 2.5). Volume fractions 
were calculated from partial specific volumes, which depict the volume that 
Figure 2.5. FtsZ bundle formation in shrinking microdroplets. a) Without crowding agent; b) 
In PEG8; c) In Ficoll70; d) In BSA; e) In ovomucoid; f) In E. coli lysate.  
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a crowding agent will occupy in solution per mass unit. Partial specific 
volumes of the different crowding agents are depicted in table 2.1.  
 
Table 2.1. Partial specific volumes of crowding agents  
 
Crowding agent  Partial specific volume (mL/g) 
PEG8 0.892[36]  
Ficoll70 0.650[37]  
BSA 0.733[28]  
ovomucoid  0.697[38]  
E. coli lysate  0.665[39]  
 
In the absence of a crowding agent, droplet contents can be 
concentrated at least 2.5x without obtaining any inhomogeneities. In 
agreement with previous published[35] and unpublished results, strong 
bundle formation is obtained in the inert crowding agents PEG and Ficoll. 
The critical volume fraction of Ficoll is around 7% and in the case of PEG, 
bundles were present in the droplets from the beginning. Its critical volume 
fraction is thus lower than 6.5%. This difference between PEG and Ficoll is 
expected, because the 8 kDa PEG molecules are much smaller than the 70 
kDa Ficoll molecules. At similar volume percentages, the number of 
molecules is thus much higher and the excluded volume effect is larger. 
This is also reflected in equation 2.1.  
As hypothesized, FtsZ bundles are also being formed in the 
presence of the protein crowders BSA and ovomucoid. For BSA, the critical 
volume fraction is around 9% and for ovomucoid, it is approximately 6.5% 
as the first inhomogeneities are just showing up under these starting 
conditions. Again, this difference in critical volume fractions can be 
explained by the difference in size between the 67 kDa BSA protein and the 
28 kDa ovomucoid protein. When comparing these sizes to the sizes of the 
inert crowding agents, however, much lower critical volume fractions 
would be expected. According to our hypothesis, this difference could be 
explained by the presence of associative interactions in BSA and 
ovomucoid. The effect, however, is not as strong as predicted by equation 
2.4, since in figure 2.3d and f we can see that association of the probe is not 
expected below 15 vol% of BSA. A possible shortcoming of the model is 
that it does not take into account that soft interactions can also be repulsive 
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interactions, especially in the case of FtsZ which is negatively charged as 
well as BSA. This leads to a reinforcement of the hard-core depletion 
effect[40]. Furthermore, the calculation of depletion forces via equation 2.1 
does not take into account soft interactions, and FtsZ filaments are 
filamentous structures instead of spherical probes, for which the Asakura-
Oosawa theory should also be adjusted. The model thus turns out to only 
qualitatively predict the assembly of large probes such as FtsZ in protein 
crowders, and not quantitatively.  
Interestingly, in cell lysate, a much stronger effect on the bundling 
of FtsZ protofilaments is obtained than for the other crowding agents. 
Although a low volume fraction is used because the cell lysate is too 
viscous to produce monodispersed droplets at volume fractions above 2%, 
droplets contain an FtsZ bundle network from the beginning. Besides 
depletion forces, this might be caused by endogenic factors in the lysate 
that enhance protofilament bundling, such as Zap proteins[41-44]. On the 
other hand, cell lysate is a highly heterogeneous mixture of molecules 
including negatively charged compounds such as DNA and RNA. 
Therefore depletion forces exerted on the negatively charged FtsZ 
protofilaments might be much more pronounced.  
 
2.2.3 Super-resolution microscopy  
 
Because cell lysate is inducing protofilament bundling at 
unexpectedly low concentrations, it is interesting to look at this 
phenomenon more closely. Even though FtsZ protofilaments form bundles 
in all tested crowding agents, the morphology of FtsZ networks is clearly 
different depending on the type of crowding agent. The FtsZ structure in 
cell lysate is remarkably fine compared with the other conditions whereas 
in ovomucoid, the bundles seem to be relatively long and thick. In BSA, a 
high background of FtsZ monomers is obtained. In terms of bundle 
morphology and pore size, the effects of the synthetic crowders PEG and 
Ficoll seem similar.  
To look at the bundle morphology in more detail, Stochastic Optical 
Reconstruction Microscopy (STORM) was applied on FtsZ networks in 
Ficoll, BSA, ovomucoid and cell lysate. This super-resolution technique 
relies on blinking of the fluorescent label to detect single fluorophores and 
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to resolve the position of the fluorophore at higher resolution than the 
diffraction limit via Gaussian fitting. Over time, a high-resolution image 
can be reconstructed from the single fluorophore blinks[45]. This technique 
however is not compatible with droplet microfluidics, because images are 
typically taken a few nanometers above the surface of the microscope slide, 
whereas the minimal diameter of microfluidic droplets is around 5 µm. 
Therefore the FtsZ morphology was studied in bulk solution (figure 2.6).  
The most obvious difference in these samples is that there is a sharp 
transition towards bundle formation in Ficoll, while there is a gradual 
increase in the amount of bundles in ovomucoid and bundles are present in 
all samples in E. coli lysate. Furthermore, the majority of bundles in 
ovomucoid and cell lysate are adhering to the glass surface whereas in 
Figure 2.6. STORM pictures of FtsZ bundling at different crowder concentrations, scale bar: 
10 µm. a) In Ficoll; b) In ovomucoid; c) In E. coli lysate.  
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Ficoll, FtsZ bundles are only detected higher than 8 nm above the surface. 
FtsZ monomers or protofilaments are also adhering to the glass surface, 
which causes the noisy background in some of the images. For BSA, no 
results were obtained because the crowder protein was adhering so 
strongly to the glass surface that FtsZ bundles were floating around and 
could not be imaged. These observations already show the large differences 
between inert and non-inert crowding agents.  
The gradual increase in bundle formation in ovomucoid could be a 
result of the bundling on the glass surface. For example, adhesion of 
protofilaments to the surface might act as a nucleation process that 
facilitates bundling at low concentration.  
A large difference in bundle thickness is obtained depending on the 
crowding agent and its concentration (figure 2.7a). In Ficoll, the bundle 
widths are larger than in ovomucoid. This is in agreement with a higher 
effective free energy in inert crowding agents (compare figure 2.3b and d), 
which leads to a higher degree of assembly. In both crowding agents, the 
Figure 2.7. FtsZ bundling in different crowding agents depending on volume fraction. a) 
Bundle widths as observed using STORM, error bars: standard error; b) Also in microfluidic 
droplets, FtsZ bundles appear thinner at higher cell lysate concentrations. Scale bar: 10 µm.  
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thickness increases with volume fraction. This can be explained by an 
increase of ΔG0’eff at higher crowder concentrations.  
In contrast, the thickness of bundles in E. coli lysate decreases at 
higher volume fractions. The same effect was obtained in microfluidic 
droplets with different initial lysate concentrations (figure 2.7b). It is 
probably a result of the high viscosity of cell lysate, that inhibits diffusion of 
the FtsZ protofilaments, especially at high concentrations. Therefore, only 
small numbers of protofilaments can reach each other and bundles remain 
thin. The high viscosity, in turn, might be caused by the high variety in 
molecular size, shape and associative interactions in the lysate.  
 
2.3 Discussion and conclusion  
 
The cellular environment is extremely crowded and therefore 
thought to enhance a compact arrangement of macromolecules via 
excluded volume effects. However, biomolecules also have associative 
interactions with each other that counteract these effects. In this chapter, we 
were able to confirm the hypothesis that large probes like FtsZ 
protofilaments are still subject to a net depletion effect in the presence of 
associative interactions.  
It was previously found that a FRET crowding sensor did not show 
increased FRET efficiencies in the presence of BSA, ovomucoid or E. coli 
lysate. In contrast, FtsZ bundling was obtained in these crowding agents as 
well as synthetic crowding agents.  
These results are in agreement with a model that takes into account 
a free energy penalty when probe molecules dissociate from background 
molecules to bind each other. The model predicts that this effect can only be 
overcome for large probes at very high crowder concentrations. We found 
that bundling of FtsZ protofilaments takes place at lower volume 
percentages than in the model, so this simplified model only qualitatively 
predicts a net crowding effect for large probes. To predict crowding effects 
in a quantitative manner, it needs considerable improvements on the 
contribution of associative and repulsive soft interactions to the effective 
free energy ΔG0’eff. This also depends on shape and surface chemistry of 
each specific probe and crowding agent, which should be taken into 
account.  
Chapter 2 FtsZ bundling in associative crowded solutions 
 
- 42 - 
 
In E. coli lysate, protofilament bundling was obtained at extremely 
low crowder concentrations. Because we also use E. coli FtsZ, it is probable 
that endogenous factors such as bundling proteins enhance bundle 
formation in dilute lysate conditions. Therefore it is not possible to 
conclude that FtsZ is subject to a net depletion interaction in cell lysate and 
the cytoplasm. However, some interesting observations were done on the 
morphology of FtsZ bundles in cell lysate. At high lysate concentrations, 
the bundles are rather thin and appear flexible. Instead of forming a rigid 
network with aster-like connections like in Ficoll, bundles in cell lysate 
seem to align when they come together. These properties can probably be 
ascribed to associative interactions and might be important in vivo, because 
the formation of a Z-ring seems much easier with flexible, aligning bundles 
than with stiff bundles that form asters. As a consequence, Z-ring formation 
in an artificial cell might be supported by the presence of associative 
crowding agents, rather than inert crowding agents.  
Our findings furthermore show that associative interactions are 
probably very important in the cellular environment in general. The 
experimental results in this chapter confirm the model in which a net 
crowding effect is only obtained at large overlap volumes of a probe. In the 
cell, many proteins are present that have a size similar to the crowding 
sensor. If excluded volume effects would be dominating in the cytosol, this 
would mean that most macromolecules aggregate. This would be 
disastrous to many cellular processes, for example those that depend on 
diffusion of macromolecules. Associative interactions prevent such 
aggregation, while still promoting the assembly of larger structures such as 
cytoskeletal fibers. This implies that the cell balances macromolecular 
crowding and binding constants such that depletion forces can be exploited 
if desired, but do not lead to large-scale aggregation in the cytoplasm.   
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2.5 Materials and methods 
 
General  
E. coli FtsZ was isolated and labeled according to Rivas et al. 2000[46] 
and dialyzed against working buffer (180 mM potassium glutamate, 5 mM 
magnesium glutamate and 50 mM HEPES buffer, pH 7.5). E. coli lipids were 
obtained from Avanti Polar Lipids. Ovomucoid trypsin inhibitor was 
obtained from Worthington Biochemical Corporation. Guanosine 
triphosphate lithium salt, Ficoll70, PEG8, BSA and other reagents were 
obtained from Sigma Aldrich.  
 
E. coli lysate preparation 
The cell lysate preparation protocol is based on the protocols of 
Feilmeier et al. 2000 and Shin et al. 2010[47-48]. E. coli Rosetta2 cells were 
grown in LB until late-exponential phase, ~OD 2.0. Pellets were 
resuspended in 6 mL of 20% sucrose, 1 mM EDTA and 1 mg/mL lysozyme 
solution per gram and incubated on ice for 5 minutes. The volume was 
doubled with ice-cold MilliQ, followed by gentle mixing and incubation for 
another 5 minutes. Spheroplasts were collected by centrifugation at 12,000 
g, 10 minutes, 4 °C and lysed on ice by ultrasonication in 10 times 10 
seconds with 30 second pauses. Cell debris was removed by centrifugation 
at 30,000 g, 30 min, 4 °C; the supernatant was collected and these two steps 
were repeated. The membrane fraction was removed by ultracentrifugation 
at 138,000 g, 1h, 4 °C. The supernatant was dialyzed overnight against 
MilliQ in 3.5 kDa cutoff dialysis tubing. Lysate was collected and 
lyophilized in small aliquots. Freeze-dried lysate was stored at -80 °C.  
 
E. coli lysate reconstitution  
High concentrations of lysate were achieved by centrifuging freeze-
dried lysate with buffer. Buffer was added to the cake in a volume required 
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to achieve the intended final concentration. Samples were centrifuged at 
1000 g, 2 min, 4 °C. Contents were mixed by stirring followed by a long 
centrifugation step, 20,000 g, 30 min, 4 °C. The supernatant was collected as 
the reconstituted lysate. Protein concentrations were determined by Pierce 
BCA assay, Life Technologies. 
 
FtsZ microfluidics  
PDMS devices of 30 µm height were prepared as described by 
Mellouli et al. 2013[49]. FtsZ solution (1.0 g/L FtsZ with 1.5% FtsZ-Alexa488 
in 180 mM potassium glutamate, 5 mM magnesium glutamate and 50 mM 
HEPES buffer, pH 7.5) and GTP-crowder solution (6 mM GTP and 187 g/L 
PEG8, Ficoll70, BSA or ovomucoid, 50 g/L cell lysate, or no crowding agent, 
same buffer conditions) are combined on chip in 1:1 ratio and droplets were 
generated using 25 g/L E. coli lipids in mineral oil. Droplets were imaged at 
room temperature via a CSU X-1 Yokogawa spinning disc confocal unit 
connected to an Olympus IX81 inverted microscope, using a 100x piezo-
driven oil immersion objective (NA 1.3) and a 488 nm laser beam. Emission 
was measured at 500-550 nm, 1.0 s exposure time, using an Andor iXon3 
EM-CCD camera.  
 
Stochastic optical resolution microscopy  
Samples of 20 µL were prepared containing 10 mM mercaptoethyl 
amine, 0.5 g/L FtsZ with 10% FtsZ-Alexa647 and 2-15 vol% Ficoll70, BSA, 
ovomucoid or cell lysate, in 180 mM potassium glutamate, 5 mM 
magnesium glutamate, 50 mM HEPES buffer, pH 7.5 and 3 mM GTP, which 
was added last. By capillary force, carefully mixed samples were brought 
into a ~0.5 mm thick microscopy chamber.  
STORM images were acquired using a Nikon N-STORM system  
configured for total internal reflection fluorescence (TIRF) imaging. Alexa-
647 was excited and destabilized with a 647 nm laser beam. Emission was 
measured using a Nikon 100x oil immersion objective (NA 1.4) and passed 
through a quad-band pass dichroic filter (97335 Nikon). Gaussian fitting of 
the fluorophore locations was performed by the Nikon software.  
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Chapter 3. FtsZ assembly and dynamics in 
cell lysate 
 
 
Abstract  
 
The ability of FtsZ to arrange itself into a Z-ring and to contract 
during cell division, depends on dynamic properties of the protein. GTP 
hydrolysis and subsequent monomer release are essential for the 
remodeling of FtsZ structures. Macromolecular crowding is expected to 
influence this process, and therefore the dynamics of FtsZ were monitored 
by fluorescence recovery after photobleaching in different crowding agents. 
It was found that in cell lysate, FtsZ dynamics decrease dramatically. 
Polyamines were suggested as possible non-specific factors that influence 
monomer turnover in cell lysate, but were found to have no effect on 
fluorescence recovery in pure crowding agents. However, in the presence 
of positive or negative FtsZ regulatory proteins, polyamines did affect 
fluorescence recovery. It was therefore proposed that combined specific 
and non-specific factors might be responsible for the low FtsZ dynamics in 
cell lysate.  
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3.1 Introduction  
 
The crowding conditions in the bacterial cytoplasm influence the 
assembly of FtsZ protofilaments and potentially have a major effect on FtsZ 
dynamics as well. In the previous chapter, we have treated FtsZ 
protofilaments as static structures, but in reality they are dynamic polymers 
that continuously exchange monomers with their environment. 
Protofilament disassembly is essential for FtsZ to rearrange its higher-order 
structures throughout the different stages of the cell cycle. In the growing, 
non-dividing Escherichia coli cell, FtsZ helices along the membrane can 
rapidly form, disappear, and reassemble[1] (figure 3.1). When the cell is 
completing DNA replication and initiating cell division, FtsZ accumulates 
at midcell to form a ring-like structure, which upon the onset of constriction 
will start to decrease in diameter[2-3]. During constriction, FtsZ already 
assembles at the future division sites of the daughter cells if it is 
overexpressed[4]. The ability of FtsZ to polymerize is not sufficient to enable 
such rearrangements of FtsZ structures. Protofilaments and higher-order 
assemblies that already have been formed, need to be broken down in order 
to facilitate reorganization.  
The breaking down of FtsZ structures is a result of FtsZs intrinsic 
GTPase activity. After GTP hydrolysis, GDP-bound FtsZ will disassemble 
from the next subunit[5-6]. Proteins that enhance FtsZ depolymerization 
influence this process. For example, MinC is responsible for fragmentating 
non-midcell FtsZ filaments, once the Min system starts oscillating[7]. FtsA 
does not only recruit FtsZ to the membrane but also enhances FtsZ 
depolymerization, which gives rise to dynamic rings in vitro[8] and is 
thought to similarly facilitate remodeling of the Z-ring during constriction. 
Figure 3.1. E. coli cell showing disassembly of FtsZ-GFP helices and simultaneous 
reassembly at other locations along the membrane[1]. Time between frames: 25s; scale bar: 3 
µm. 
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On the other hand, recently it was discovered that FtsZ rings by themselves 
show dynamic behavior on a membrane (personal communication with 
Germán Rivas). MinC was found to mainly act on GDP-bound FtsZ and 
thus still depends on GTP hydrolysis[9]. Last but not least, E. coli mutants 
that have a defect in GTPase activity show a substantial delay in Z-ring 
assembly[10]. GTP hydrolysis and subsequent release of subunits thus seems 
to be the most important factor in FtsZ reorganization.   
Bundling of FtsZ protofilaments decreases the GTPase activity[11] 
and as a consequence influences the rate of monomer exchange. In the 
previous chapter we found that cell lysate induces protofilament bundling 
at very low concentrations. The lysate is thus substantially different from 
conditions in which pure crowders are being used and might have a 
dramatic effect on FtsZ dynamics. We don’t know the effect of cell lysate on 
FtsZ dynamics, nor why it has such a strong influence on protofilament 
bundling. Although a mixture of components with different size and shape 
can enhance crowding effects[12-13], which was also found to have an effect 
on FtsZ bundling[14], it does not seem likely that this could facilitate 
bundling at a total crowder concentration of less than 1 volume percent.  
A possible explanation would be the presence of additional 
compounds that interact with FtsZ specifically. These could be, for 
example, Zap proteins[15-18] as described in chapter 1. Importantly, the 
unknown compounds do not necessarily have to be proteins, as nucleic 
acids or metabolites might also impact on FtsZ dynamics. DNA has recently 
been shown to promote FtsZ protofilament bundling[14], whereby the 
negatively charged backbone possibly induces a large depletion force on 
the protofilaments. RNA can be expected to have a similar effect and is 
present in the cell lysate in large amounts in the form of ribosomes, which 
expose RNA at a significant part of their surface[19]. Possibly, some 
remaining mRNA is additionally present in E. coli lysate. The E. coli 
cytoplasm also contains millimolar concentrations of the polyamines 
putrescine and spermidine[20] (figure 3.2), which are positively charged at 
Figure 3.2. Polyamines that are present in E. coli, depicted with charges at physiological pH. 
a) Putrescine; b) Spermidine.  
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physiological pH and could act as a protofilament glue like 
diethylaminoethyl (DEAE) dextran[21]. Similar concentrations of polyamines 
were shown to facilitate bundling of Mycobacterium tuberculosis FtsZ[22].  
If some of these compounds enhance the bundling of FtsZ 
protofilaments in cell lysate, they are expected to influence FtsZ dynamics 
as well, because bundling hampers monomer exchange. Monitoring the 
effects of cell lysate and specific lysate components on FtsZ dynamics will 
improve our understanding of the role of FtsZ in prokaryotic cell division.  
 
3.2 Results  
 
3.2.1 FtsZ dynamics in different crowding agents  
 
To measure FtsZ dynamics, Fluorescence Recovery After 
Photobleaching (FRAP)[23-24] was performed over 100-150s time scales on 
FtsZ bundles in microfluidic water-in-oil droplets with different crowding 
agents. FRAP in cell lysate was compared with Ficoll and PEG as inert 
crowding agents and ovomucoid as a protein crowder. To determine 
whether monomer diffusion could be rate limiting for monomer exchange, 
FRAP was also performed in bulk FtsZ samples without GTP, using the 
same crowding agents.  
To analyze the differences in fluorescence recovery, normalized 
fluorescence intensity (IN) curves were fitted with the following function[25]:  
 
𝐼𝑁(𝑡) = 𝐴(1 − 𝑒
−𝑏𝑡)                                          (3.1) 
 
In this function, A corresponds to the final fluorescence recovery 
and therefore the fraction of mobile FtsZ proteins in the sample. Because 
the average intensity of the bleached area is measured, the mobile fraction 
exists of free FtsZ monomers and oligomers, which should be all mobile, 
and those FtsZ subunits in bundles that are available for exchange (figure 
3.3). Bundle properties, such as thickness and density, influence the amount 
of mobile FtsZ. However, the percentage of FtsZ in bundles is not 
necessarily the same at all conditions, which could also influence the 
mobile fraction. For the controls without GTP, only diffusion of free FtsZ is 
measured and A should therefore be 1.  
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From b in equation 3.1, the half-life τ½ of the exponential function 
can be calculated:  
 
𝜏1/2 =
𝐿𝑛2
𝑏
                                                   (3.2) 
 
 This half-life corresponds to the time in which half of the mobile 
fraction is being exchanged and is visible in FRAP curves as the time in 
which half of the final recovery is being reached. The half-life depends on 
the rates of both FtsZ diffusion and FtsZ exchange of the bundles. Of these 
processes, the latter is slower, so the more mobile FtsZ is present inside 
bundles, the higher the half-life.  
Interestingly, the FRAP experiments show that the FtsZ network 
before and after bleaching remains the same (figure 3.4a). Over the used 
time scale of 100 s, recovery is already 80-90% of the maximal recovery 
(figure 3.4b). Apparently, exchange of FtsZ monomers is taking place but 
not to such an extent that complete bundles can depolymerize and 
reorganize.  
Large differences in fluorescence recovery of FtsZ were observed 
between the different crowding agents (figure 3.4b and c). The calculated 
mobile fractions and half-lives of all curves are depicted in table 3.1. 
Because the control curves showed unexpected behavior at higher time 
points, possibly because of flow in the system or other artifacts, fitting of 
these FRAP measurements was performed over only 50 seconds.  
Figure 3.3. The mobile fraction in a sample with FtsZ bundles is determined by the amount 
of free FtsZ and the amount of FtsZ subunits inside bundles that is able to escape after GTP 
hydrolysis. Free FtsZ can move around quickly, whereas exchange of FtsZ monomers inside 
bundles is slow.  
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Table 3.1. Mobile fractions and half-lives of FtsZ fluorescence recovery in different crowding 
agents   
 Mobile fraction  Half-life (s)  
 
Without GTP  
  
Ficoll70 10 vol% 1.03 ± 0.15 11.0 ± 2.9 
Ovomucoid 10 vol% 0.73 ± 0.10 7.8 ± 3.4 
PEG8 10 vol% 0.96 ± 0.23 10.0 ± 2.0 
Cell lysate 2 vol% 0.34 ± 0.04 2.3 ± 2.0 
 
With GTP     
Ficoll70 10 vol% 0.64 ± 0.01 24.3 ± 3.2 
Ovomucoid 10 vol% 0.36 ± 0.01 22.6 ± 0.8 
PEG8 10 vol% 0.51 ± 0.09 44.4 ± 2.4 
Cell lysate 2 vol% 0.06 ± 0.06 14.1 ± 7.1 
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Figure 3.4. FtsZ fluorescence recovery in different crowding agents. a) The initial FtsZ 
network reappears after photobleaching and recovery. Droplet diameter: 54 µm, crowding 
agent: PEG; b) Recovery curves of FtsZ networks in droplets fitted via equation 3.1 (black 
curves); c) Control curves of bulk FtsZ solution without GTP, also fitted via equation 3.1.   
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Importantly, the half-lives in the absence of GTP are lower than 
those for FtsZ bundles. This means that monomer exchange and not 
monomer diffusion is the limiting factor in fluorescence recovery in the 
presence of GTP, although diffusion of free FtsZ still influences the 
measured half-lives in these samples.  
The control curve in ovomucoid shows less than 100% recovery, 
which is unexpected and might be due to an experimental error. For the 
control curve measured in cell lysate, the mobile fraction is found to be 
even lower which means that most likely, part of the FtsZ protofilaments 
are assembling into invisible structures such as very thin bundles. This 
could be caused by FtsZ-specific bundling factors that are present in the 
lysate. 
In the presence of GTP, the fitting procedure calculates mobile 
fractions of 64 ± 1 and 51 ± 9% for Ficoll and PEG, respectively. PEG 
enhances bundling of FtsZ protofilaments more strongly than Ficoll (figure 
2.5), which is expected to lead to the formation of thicker bundles. A larger 
part of the protofilaments is then buried in the core of the bundle, which is 
in agreement with the observation of a smaller mobile fraction. The 
relatively large half-life in PEG of 44.4 ± 2.4 s could be caused by a higher 
percentage of bundles relative to free FtsZ, so that recovery rates are mainly 
determined by monomer exchange of the bundles and less by diffusion.  
The mobile fraction in ovomucoid is somewhat lower than in Ficoll 
and PEG, 36 ± 1%, which could well be a result of associative interactions as 
described in chapter 2. Such interactions could lead to sticking of the 
crowder molecules to the FtsZ bundles, which reduces the amount of FtsZ 
subunits that are available for exchange.  
In cell lysate, the mobile FtsZ fraction decreases dramatically 
compared with the other crowding agents. Even though the volume 
percentage of lysate is five times lower than for the other crowders, the 
mobile fraction is only 6 ± 6%. This could be explained by the presence of 
specific factors such as Zap proteins that strongly bundle the 
protofilaments, but it could as well be a result of intrinsic, non-specific 
physico-chemical properties of the cell lysate.  
Summarizing, a trend is visible where the mobile fraction and 
exchange of FtsZ subunits are related to depletion force and the presence of 
associative interactions or even specific factors. Measured differences 
Chapter 3 FtsZ assembly and dynamics in cell lysate 
 
- 56 - 
 
between the crowding agents thus seem to result from differences in bundle 
morphology and the amount of FtsZ that is available for exchange. Because 
the amount, size and thickness of bundles within the bleached region are 
not equal in all samples, however, this observation could also be influenced 
by differences in the percentage of FtsZ subunits inside bundles compared 
with free FtsZ.  
 
 
Figure 3.5. Nucleic acids do not influence the critical concentration for FtsZ bundle 
formation in cell lysate. a) Effect of DNase treatment; b) Effect of RNase treatment.  
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3.2.2 Cellular compounds that aspecifically enhance FtsZ bundling  
 
A number of experiments were performed to gain more insights on 
non-specific components in the cell lysate that could be responsible for the 
enhanced bundling and decreased mobility of FtsZ. First of all, cell lysate 
was treated with DNase and RNase to see whether DNA or RNA, 
respectively, facilitate bundling of FtsZ protofilaments at low lysate 
concentrations (figure 3.5a and b). No differences in critical lysate 
concentrations for protofilament bundling were obtained. All samples show 
a similar presence of inhomogeneities at 1.0-1.5 g/L of cell lysate, whereas at 
these concentrations the amount of small bundles is very sensitive to small 
concentration differences.  
Cell lysate contains high concentrations of ribosomes. Because 
ribosomes are compact RNA-protein structures, they are not easily 
accessible for RNases to degrade the RNA. Therefore, still ribosomes could 
have been present in the RNase-treated lysate. To check whether these 
could be responsible for enhanced bundling of FtsZ protofilaments, 
bundling in ovomucoid was compared with bundling in mixtures of 
ovomucoid and purified E. coli ribosomes. At 6.0 vol% of ovomucoid and 
1.5 vol% of ribosomes, some bundling on the surface of the cover slide was 
obtained, while at 7.5 vol% of ovomucoid there was not (figure 3.6). 
Figure 3.6. Ribosomes are stronger FtsZ bundling agents than ovomucoid.  
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Ribosomes are thus slightly stronger protofilament bundling agents 
than ovomucoid even though their Stokes radius is as large as 12.6 nm[26], 
for which reason they are expected to be much weaker crowders than 
ovomucoid by equation 2.1. This effect is probably caused by repulsive 
forces that derive from their high negative charge density. The morphology 
of the bundles is similar to this in ovomucoid only (figure 2.6), which is 
probably because ovomucoid is still the major crowding agent in these 
samples.  
A similar assay was performed to investigate the effect of 
polyamines on protofilament bundling. In our physiological buffer 
conditions, E. coli FtsZ does not form bundles in the presence of spermidine 
alone even at very high spermidine concentrations (figure 3.7a). When 
combining spermidine with ovomucoid in bulk solution, however, the 
Figure 3.7. The influence of polyamines on FtsZ protofilament bundling. a) 25 mM of 
spermidine, without crowding agent, does not induce bundling; b) Microfluidic droplets at 
1.8 vol% Ficoll, left-hand side without spermidine and right-hand side with 24 mM 
spermidine; c) Microfluidic droplets at 3.1 vol% ovomucoid, left-hand side without 
spermidine and right-hand side with 24 mM spermidine; d) Bulk solution containing 6.0 
vol% ovomucoid and physiological polyamine concentrations.  
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amount of ovomucoid that is necessary to obtain bundles is reduced 
compared with samples without spermidine. For reproducibility and 
reliability, the observation of enhanced bundling was controlled using 
microfluidic droplets. Upon water evaporation from the droplets, 
polyamine-containing droplets show bundles earlier and at larger droplet 
volumes than control droplets that only contain a crowding agent, both in 
Ficoll70 and ovomucoid (figure 3.7b and c).  
To make a comparison with the effect of ribosomes, bundling was 
monitored in 6.0 vol% ovomucoid and physiological polyamine 
concentrations (6.3 mM spermidine and 17.5 mM putrescine[20], figure 3.7d). 
More bundles were observed than in figure 3.6. Polyamines thus seem to 
enhance bundling more strongly than ribosomes.  Nevertheless, both might 
play a role in FtsZ protofilament bundling in cell lysate. 
 
3.2.3 FtsZ dynamics in the presence of polyamines  
 
Enhanced bundling of FtsZ protofilaments could also have an effect 
on FtsZ dynamics. Polyamines act as a protofilament glue and are therefore 
expected to increase bundle thickness and thus to lower the mobile fraction 
of FtsZ subunits. The mobile fraction might be further reduced by a 
decrease in the percentage of free FtsZ. Monomer turnover in the presence 
of physiological polyamine concentrations was therefore monitored by 
FRAP and compared with the results of figure 3.4 and table 3.1. 
Surprisingly, mobile fractions did not decrease upon addition of 
physiological concentrations of polyamines (figure 3.8, table 3.2). Only in 
cell lysate some significant differences were obtained with respect to 
protofilament bundling in the absence of added polyamines. The mobile 
fraction is slightly increased from 6 ± 6% without added polyamines to 15 ± 
2% with added polyamines and moreover, the half-life increased 
dramatically from 14.1 ± 7.1 to 56.1 ± 12.4 s, whereas for other crowding 
agents it is not significantly affected. This means that specifically in cell 
lysate, polyamines somehow slow down monomer exchange or induce 
strong bundling such that the percentage of free FtsZ is dramatically 
reduced; or a combination of both.  
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Table 3.2. Mobile fractions and half-lives of FtsZ fluorescence recovery in the presence of 
physiological polyamine concentrations  
 
 Mobile fraction  Half-life (s)  
 
Ficoll70 10 vol% + polyamines 
 
0.58 ± 0.06 
 
26.3 ± 1.8 
Ovomucoid 10 vol% + polyamines 0.36 ± 0.03 21.1 ± 2.2 
PEG8 10 vol% + polyamines 0.54 ± 0.09 67.8 ± 20.5 
Cell lysate 2 vol% + polyamines 0.15 ± 0.02 56.1 ± 12.4 
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Figure 3.8. FtsZ fluorescence recovery curves in different crowding agents and physiological 
polyamine concentrations, fitted via equation 3.1 (black curves).  
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Figure 3.9. a) GTP hydrolysis rates of FtsZ are hardly influenced by polyamines in different 
crowding agents, error bars: standard error; b) GTP hydrolysis rates correlate with the 
mobile fractions as determined via FRAP. Black curve: linear fit.  
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To check whether GTP hydrolysis was affected in some way that 
could explain these FRAP results, phosphate production by FtsZ was 
measured in different crowding agents using molybdate assays[27]. 
However, GTP hydrolysis turned out to be hardly changed by polyamines 
in Ficoll, ovomucoid and cell lysate (figure 3.9a). For PEG, the assay did not 
work because of aggregate formation. The GTP hydrolysis rates correlate to 
Figure 3.10. CryoTEM images of FtsZ protofilament bundles in ovomucoid. Bundles are 
thicker in the presence of physiological polyamine concentrations. a) 10 vol% ovomucoid; b) 
13 vol% ovomucoid (some debris is present in the polyamine-free sample that does not seem 
to interfere with the bundles).  
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the mobile fractions of FtsZ in the different crowders (figure 3.9b), which 
shows that the measured differences in mobile fractions are a result of 
monomer exchange rather than diffusion.  
Cryo-Transmission Electron Microscopy (cryoTEM) was performed 
to see whether in the presence of polyamines, any morphological changes 
of the protofilaments occur that could affect FtsZ dynamics (figure 3.10). 
Sample preparation turned out to only succeed in ovomucoid because FtsZ 
filaments are not sticking to the grid in other crowding agents and therefore 
removed during the blotting of the sample. In ovomucoid, both conditions 
with and without polyamines showed bundles consisting of straight 
protofilaments. The maximal bundle thickness is larger in the presence of 
polyamines, which supports the idea that they should decrease FRAP. 
These results therefore can not explain why FRAP experiments in Ficoll, 
PEG, and ovomucoid are not affected by polyamines.  
 
3.2.4 FtsZ dynamics in the presence of regulatory proteins  
 
In the previous paragraph we saw that polyamines only influence 
FtsZ recovery after photobleaching in cell lysate and not in the other 
crowding agents examined. The largest difference between cell lysate and 
other crowding agents is the presence of FtsZ regulatory proteins. To find 
out whether the activity of such proteins could somehow be affected by 
polyamines, the influence of polyamines on FRAP are determined in the 
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Figure 3.11. FtsZ fluorescent recovery curves in the presence of 10 vol% Ficoll and regulatory 
proteins. a) SlmA and SBS, with and without polyamines; b) ZipA, with and without 
polyamines.  
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presence of SlmA and ZipA. SlmA, together with SlmA-binding DNA 
sequences (SBSs), is chosen as an example of a protein that enhances FtsZ 
depolymerization. It becomes activated upon binding to the SBS; the 
subsequent mechanism of inhibition is still under debate[28-29] as described 
in chapter 1. Fragmentation of protofilaments, as a plausible mechanism, 
would be expected to decrease FRAP half-lives and possibly to increase the 
mobile fraction. ZipA is used as a positive regulator of FtsZ protofilament 
bundling[30-31]. Because it links protofilaments together, it might hamper 
monomer exchange of FtsZ bundles, thereby decreasing the mobile fraction 
and increasing the half-life. Ficoll is added as the crowding agent to avoid 
additional effects from attractive forces or specific interactions. 
The results of these experiments are shown in figure 3.11 and table 
3.3. SlmA, in the presence of SBS, as expected reduces the half-life of 
recovery from 24.3 ± 3.2 to 9.2 ± 3.2 s compared with Ficoll alone. Upon 
addition of polyamines, the half-life increases again to 21.3 ± 3.0 s and also 
the mobile fraction is slightly larger, 80 ± 4% compared with 69 ± 5%. 
Unexpectedly, also in the case of ZipA the half-life (6.4 ± 2.0 s) is reduced 
compared with Ficoll. The addition of polyamines, however, leads to a half-
life of 34.1 ± 1.5 s, which is larger than this in Ficoll alone. Furthermore, the 
mobile fraction is slightly reduced from 58 ± 6 to 42 ± 7%.  
 
Table 3.3. Mobile fractions and half-lives of FtsZ fluorescence recovery in Ficoll, influenced 
by regulatory proteins and polyamines  
 
 Mobile fraction  Half-life (s)  
 
Ficoll70 (from table 3.1)  
 
0.64 ± 0.01 
 
24.3 ± 3.2 
Ficoll70 + polyamines (from table 3.2) 0.58 ± 0.06 26.3 ± 1.8 
Ficoll70 + SlmA + SBS 0.69 ± 0.05 9.2 ± 3.2 
Ficoll70 + SlmA + SBS + polyamines 0.80 ± 0.04 21.3 ± 3.0 
Ficoll70 + ZipA  0.58 ± 0.06 6.4 ± 2.0 
Ficoll70 + ZipA + polyamines 0.42 ± 0.07 34.1 ± 1.5 
 
Summarizing, polyamines cause a large increase of the half-life in 
the presence of SlmA or ZipA, which means that the exchange of FtsZ 
subunits between bundles and free solution is slowed down. The mobile 
fraction is relatively stable. This is very similar to the effect of polyamines 
in cell lysate. Since the presence of polyamines does not have an effect in 
Chapter 3 FtsZ assembly and dynamics in cell lysate 
 
- 64 - 
 
the absence of regulatory proteins, it is evident that the effects of specific 
and non-specific factors in FtsZ dynamics can add up nonlinearly. Such 
combined effects probably lead to the characteristic influences of cell lysate 
on FtsZ protofilament bundling and dynamics.  
 
3.3 Discussion and conclusion  
 
In this chapter, we found that FtsZ bundles in cell lysate hardly 
exchange monomers with their environment. Therefore, we aimed to 
identify which compounds could be involved in enhanced protofilament 
bundling and reduced dynamics in cell lysate. Polyamines were found to 
enhance protofilament bundling, but they did not affect FRAP in the 
presence of pure crowding agents. In the presence of lysate or regulatory 
proteins, in contrast, the half-life was significantly increased by polyamines, 
which means that monomer exchange is slowed down.  
Polyamines were shown to increase FtsZ bundle thickness, but 
besides thickness the bundle density might affect the mobile fraction of 
FtsZ subunits. Bundles with a lower protofilament density would form a 
more porous structure that presents less of a barrier to exchange of 
monomers. Since polyamines act as a protofilament glue, lower depletion 
forces are necessary to push protofilaments together. Therefore, 
protofilaments do not need to overlap as much in the presence of 
polyamines and the density of the bundle could be lower. This could 
explain why polyamines hardly influence the mobile fraction of FtsZ 
subunits. To test this hypothesis, bundle density could be measured by 
turbidimetry[32].  
It seems that regulatory proteins play a major role in cellular FtsZ 
dynamics. In contrast to polyamines, SlmA and ZipA do have an effect on 
FtsZ dynamics in Ficoll. Moreover, their presence leads to increased half-
lives upon the addition of polyamines, like in cell lysate. This illustrates 
that a combination of factors, such as depletion effects and bundling 
proteins, probably leads to the dramatic reduction of the mobile FtsZ 
fraction in cell lysate. Isolation of additional bundling proteins such as Zap 
proteins and testing their influence on FtsZ dynamics would provide 
further insights. 
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Although the consensus in FtsZ research is that macromolecular 
crowding in the cell helps FtsZ protofilaments to form a Z-ring, the FRAP 
results imply that FtsZ structures in cell lysate are not able to remodel and 
that FtsZ-guided contraction of the divisome would not be facilitated. In 
vivo FRAP of the E. coli Z-ring was found to be much more efficient than the 
fluorescence recovery we observed in cell lysate[33], so clearly the cell found 
ways to overcome slow dynamics and to allow for FtsZ rearrangements. 
Most likely, regulatory proteins are involved. FtsA is a good candidate to 
facilitate Z-ring contraction because of its ability to induce FtsZ vortexing 
on membranes[8]. In contrast to SlmA and MinC, which enhance FtsZ 
assembly at the division site via FtsZ depolymerization elsewhere, FtsA is 
present in the division ring and even directly connected to FtsZ 
protofilaments. Performing FRAP to measure the effect of FtsA on FtsZ 
dynamics would therefore be an interesting experiment to add to the 
research of this chapter.  
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3.5 Materials and methods  
 
General  
E. coli FtsZ was isolated and labeled according to Rivas et al. 2000[34] 
and dialyzed against working buffer (180 mM potassium glutamate, 5 mM 
magnesium glutamate and 50 mM HEPES buffer, pH 7.5). SlmA was 
isolated and labeled according to Cho et al. 2011[28] and Cabré et al. 2015[35], 
respectively. s2ZipA was isolated and labeled according to Martos et al. 
2010[36] but with a plasmid that does not encode amino acids 1-188 instead 
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of only 1-25 from the N-terminal side of the protein. Both SlmA and s2ZipA 
were dialyzed against 500 mM potassium chloride, 5 mM magnesium 
chloride and 50 mM Tris-HCl buffer, pH 7.5. Flanked SBS DNA was 
obtained from Integrated DNA Technologies. E. coli lipids were obtained 
from Avanti Polar Lipids. Ovomucoid trypsin inhibitor was obtained from 
Worthington Biochemical Corporation. Guanosine triphosphate lithium 
salt, putrescine, spermidine, Ficoll70, PEG8 and other reagents were 
obtained from Sigma Aldrich.  
 
E. coli lysate preparation 
The lysate preparation protocol is based on the protocols of 
Feilmeier et al. 2000 and Shin et al. 2010[37-38]. E. coli Rosetta2 cells were 
grown in LB until late-exponential phase, ~OD 2.0. Pellets were 
resuspended in 6 mL of 20% sucrose, 1 mM EDTA and 1 mg/mL lysozyme 
solution per gram and incubated on ice for 5 minutes. The volume was 
doubled with ice-cold MilliQ, followed by gentle mixing and incubation for 
another 5 minutes. Spheroplasts were collected by centrifugation at 12,000 
g, 10 minutes, 4 °C and lysed on ice by ultrasonication in 10 times 10 
seconds with 30 second pauses. Cell debris was removed by centrifugation 
at 30,000 g, 30 min, 4 °C; the supernatant was collected and these two steps 
were repeated. The membrane fraction was removed by ultracentrifugation 
at 138,000 g, 1h, 4 °C. The supernatant was aliquotted or dialyzed overnight 
against MilliQ in 3.5 kDa cutoff dialysis tubing before aliquotting. Aliquots 
were stored at -80 °C.  
Non-dialyzed aliquots were dialyzed on the day of usage by 
centrifuging over 3 kDa cutoff centrifuge membranes, in 4 steps of 10x 
dilution with MilliQ and spinning at 20,000 g, 30 minutes, 4 °C.  
 
FRAP experiments  
PDMS devices of 30 µm height were prepared as described by 
Mellouli et al. 2013[39]. A solution of 1.0 g/L E. coli FtsZ with 1.5% FtsZ-
Alexa488 and a 6 mM GTP solution, both in 180 mM potassium glutamate, 
5 mM magnesium glutamate, 50 mM HEPES buffer, pH 7.5 and 10 vol% 
Ficoll70, ovomucoid or PEG8 or 2 vol% cell lysate, are combined on chip in 
1:1 ratio and droplets were generated using 25 g/L E. coli lipids in mineral 
oil. To monitor the effect of polyamines, 35 mM putrescine and 12.6 mM 
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spermidine were added to the GTP solution. To monitor the effect of SlmA, 
5 µM SlmA with 5% SlmA-Alexa647 and 1 µM flanked SBS DNA (5’ - GCG 
TCA GAG GCG TAA GTG AGC GCT CAC TTA CCA GCG TAG CCG - 3’) 
were added to the GTP solution. To monitor the effect of ZipA, 8 µM 
s2ZipA with 8% s2ZipA-Alexa647 was added to the FtsZ solution.   
Droplets were imaged at room temperature via a CSU X-1 
Yokogawa spinning disc confocal unit connected to an Olympus IX81 
inverted microscope, using a 100x piezo-driven oil immersion objective 
(NA 1.3) and a 488 nm laser beam. Emission was measured at 500-550 nm, 
1.0 s exposure time, using an Andor iXon3 EM-CCD camera. FRAP was 
performed 30-45 minutes after droplet production in FtsZ droplets of 50 µm 
diameter by taking an initial image, bleaching a 16x16 µm area with 40% 
laser power, dwell-time 20 µs, 3 repeats, and taking 20-30 images with 5 s 
intervals afterwards. The same FRAP settings were used for GTP-free 
controls of FtsZ and crowding agents in bulk solution.  
 
FRAP analysis 
FRAP and control intensities were measured using Fiji/ImageJ. 
FRAP curves were normalized using the following functions:  
 
𝐼𝑁(𝑡) =
𝐼𝑓𝑟𝑎𝑝(𝑡) 𝐼𝑤ℎ𝑜𝑙𝑒(𝑡)⁄ −𝐼𝑓𝑟𝑎𝑝,𝑝𝑜𝑠𝑡 𝐼𝑤ℎ𝑜𝑙𝑒,𝑝𝑜𝑠𝑡⁄
𝐼𝑓𝑟𝑎𝑝,𝑝𝑟𝑒 𝐼𝑤ℎ𝑜𝑙𝑒,𝑝𝑟𝑒⁄ −𝐼𝑓𝑟𝑎𝑝,𝑝𝑜𝑠𝑡 𝐼𝑤ℎ𝑜𝑙𝑒,𝑝𝑜𝑠𝑡⁄
                         (3.3) 
 
for FRAP in microfluidic droplets, where Ifrap is the mean intensity of 
the bleached region, Iwhole is the mean intensity of the whole droplet, Ipre is 
the intensity before bleaching, and Ipost is the intensity at the first timepoint 
after bleaching. For diffusion controls in bulk solution, the following 
normalization was used:  
 
𝐼𝑁(𝑡) =
𝐼𝑓𝑟𝑎𝑝(𝑡) 𝐼𝑟𝑒𝑓(𝑡)⁄ −𝐼𝑓𝑟𝑎𝑝,𝑝𝑜𝑠𝑡 𝐼𝑟𝑒𝑓,𝑝𝑜𝑠𝑡⁄
𝐼𝑓𝑟𝑎𝑝,𝑝𝑟𝑒 𝐼𝑟𝑒𝑓,𝑝𝑟𝑒⁄ −𝐼𝑓𝑟𝑎𝑝,𝑝𝑜𝑠𝑡 𝐼𝑟𝑒𝑓,𝑝𝑜𝑠𝑡⁄
                           (3.4) 
 
where Iref is the mean intensity of a non-bleached reference region. 
Normalized curves were fitted in Origin 2016 using equation 3.1. The half-
maximum of recovery is then given by equation 3.2.  
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Bundling assays  
Cell lysate was treated with 44 u/mL deoxyribonuclease I or 100 
mg/L ribonuclease A for 30 minutes at room temperature or 37 °C, 
respectively, to obtain DNA-free and RNA-free lysates. For bulk assays, the 
different crowding agents, purified ribosomes as described in Hansen et al. 
2016[40], spermidine or physiological polyamine mix were added such that 
end concentrations in the samples were 0.5 g/L FtsZ, 180 mM potassium 
glutamate, 5 mM magnesium glutamate, 50 mM HEPES buffer, pH 7.5 and 
3 mM GTP, which was added last before careful mixing. For microfluidic 
spermidine assays, droplets were prepared as for the FRAP experiments 
with 1.6 vol% initial crowder concentration and with or without 48 mM 
spermidine in the GTP solution.  
 
GTP hydrolysis  
Samples of 10 µL were prepared containing 0.5 g/L FtsZ, 10 vol% 
Ficoll70 or ovomucoid or 2.2 vol% cell lysate, with or without 17.5 mM 
putrescine and 6.3 mM spermidine, in 180 mM potassium glutamate, 5 mM 
magnesium glutamate, 50 mM HEPES buffer, pH 7.5 and 3 mM GTP, which 
was added last before careful mixing. To control samples, no FtsZ was 
added yet. During every experiment, calibration samples were added 
containing 0, 0.10, 0.50, 1.0 and 5.0 mM potassium phosphate buffer, pH 
7.5.  
Samples were incubated in a thermoshaker for 30 minutes at 37 °C, 
500 rpm before adding 40 µL of 6N sulfuric acid and mixing by shortly 
vortexing. FtsZ was added to the control samples and the samples were 
centrifuged at 20,000 g, 15 minutes, 4 °C. Of the supernatants, 30 µL were 
transferred to new vials and 210 µL freshly prepared solution of 0.3% 
ammonium heptamolybdate tetrahydrate and 1.1% ascorbic acid was 
added. The samples were incubated in a thermoshaker for 30 minutes at 37 
°C, 1,000 rpm. Absorbance of the samples was measured at 820 nm on a 
Tecan Infinite M200 plate reader.  
 
Electron microscopy  
Samples of 10 µL were prepared containing 0.5 g/L FtsZ and 10 or 
13 vol% ovomucoid, with or without 17.5 mM putrescine and 6.3 mM 
spermidine, in 5 mM magnesium glutamate, 180 mM potassium glutamate, 
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50 mM HEPES buffer, pH 7.5 and 3 mM GTP, which was added last before 
careful mixing.  
CryoTEM grids were prepared by treating Quantifoil R2/2 Cu 200 
mesh grids in a Cressington 208HR sputter coater for 20 seconds. In a FEI 
Vitrobot Mark IV, at 100% humidity, 3 µL of sample was brought on a grid 
and blotted before immediately plunge freezing in liquid ethane.  
Images were obtained on a Jeol JEM-2100 transmission electron 
microscope at 200 kV with a Gatan Orius SC200D camera, at a sample 
temperature of -175 °C.  
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Chapter 4. FtsZ-driven binary fission of 
complex coacervates 
 
 
Abstract  
 
Because the presence of polycations leads to bundling of FtsZ 
protofilaments, FtsZ is expected to have a strong interaction with complex 
coacervates, watery colloids that contain high concentrations of polycations 
and polyanions. In this chapter we show that in the presence of complex 
coacervates, elongated and very dynamic FtsZ structures form. As they are 
mixtures of FtsZ bundles and coacervates, we term these coacervate 
bundles. Under the right conditions these coacervate bundles undergo 
multiple binary divisions that seem to be driven by growth of the FtsZ 
bundle. After splitting of the coacervate, the length of the daughter 
coacervates reduces quickly. However, subsequently the FtsZ bundle starts 
to grow again and initiates the next division event. The discovery of FtsZ-
driven binary fission of these cell-like compartments is interesting for the 
fields of artificial cell division and active matter and might also have 
implications for membraneless organelle dynamics.  
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4.1 Introduction 
 
One of the subjects of interest in FtsZ research is to use the protein 
to accomplish artificial cell division[1-2]. Methods to perform division in vitro 
are necessary in the artificial cell field, and simple methods are potentially 
relevant in unraveling the development of cell division in early evolution.  
Complex coacervates are one type of cell-like containers that can be 
used as artificial cells or protocells[3-5]. These colloids form through 
electrostatic interactions between polycations and polyanions[6-7] and are 
crowded, watery phases (figure 4.1). Because they share these fundamental 
physical properties with the cytoplasm, coacervates are relevant both in the 
artificial cell and protocell fields. Moreover, molecules can freely move in 
and out, providing an easy means to replenish nutrients. Compounds with 
a high affinity for the electrolyte phase will partition strongly inside the 
coacervates and therefore reach high concentrations[8], which can also 
enhance reactivity[4, 9]. Furthermore, membraneless compartmentalization is 
advantageous to use as a division model system because the phases have a 
low surface tension[6]. Forces needed to divide them are therefore generally 
low.  
Apart from the artificial cell and protocell fields, complex 
coacervation is important in cell biology. Many organelles in eukaryotic 
cells are not defined by a membrane and are therefore described as 
membraneless organelles. These organelles consist of so-called intrinsically 
Figure 4.1. Schematic illustration of complex coacervate droplets, adapted from Aumiller 
and Keating, 2016[8].  
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disordered proteins that have strong non-covalent interactions with each 
other such as charge interactions and π-π interactions, and therefore can 
form a range of different, co-existing liquid phases[10-11]. Many 
membraneless organelles are so-called ribonucleoprotein (RNP) granules, 
phase-separated compartments consisting of RNA and disordered 
proteins[12-13]. They show liquid-like behavior such as relaxation towards a 
spherical shape upon fusion and dripping[14].   
Centrosomes, structures that form the core of microtubule spindles, 
are thought to be such membraneless organelles and thus coacervates. 
Their size is defined by the amount of available centrosome proteins and 
therefore scales with the size of the cell[15-16]. In turn, the centrosome size is 
directly related to the number of microtubules that can be nucleated from 
it[17]. Furthermore, centrosomes are highly dynamic organelles that 
independently undergo division during the cell cycle, in order to facilitate 
growth of two mitotic spindles[17]. Although detailed information is 
available about all the mechanisms regulation centrosome division, it seems 
that the splitting of the centrosome is simply accomplished by physical 
disconnection of the duplicated centrioles, which are the microtubule cores 
of the centrosome. How this would physically lead to separation into two 
structures is not known, and further insights in coacervate and cytoskeleton 
dynamics could possibly solve this problem.  
So far, mechanisms for division of complex coacervates depend on 
external influences like shear force or an electric field[3, 18] (figure 4.2). One 
Figure 4.2. Division of complex coacervates via external influences. a) Shear flow can lead to 
splitting of a coacervate droplet[24], time in seconds, scale bar: 5 µm; b) Complex coacervates 
can be split in an electric field[18]. Pictures are taken at 10, 30, 50, 70 and 100 V/cm, 
respectively; scale bar: 50 µm.  
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recent paper reports a theoretical system in which compartments grow and 
divide in a controlled manner; however, this behavior depends on one or 
more reactions that take place outside the container[19]. Essential to life-like 
behavior is energy dissipation inside the living compartment. Living cells 
are out-of-equilibrium systems that continuously take up energy-rich 
compounds from their environment and consume these in order to 
maintain themselves[20-21]. Some cytoskeletal proteins such as actin, tubulin 
and FtsZ consume energy in the form of ATP or GTP to assemble and to 
rearrange when necessary[22-23]. Incorporation of a cytoskeletal element in a 
cell-like compartment would be an interesting first step in an artificial cell 
division experiment to provide an internal force.  
FtsZ is an attractive cytoskeleton protein to use when researching 
the division of cell-like compartments, because bacterial binary fission is a 
relatively primitive type of cell division. Prokaryotes are the oldest 
organisms from an evolutionary point of view. They are unicellular 
organisms and possess much less genes than eukaryotes[25-26]. Therefore, the 
easiest way to build an artificial cell supposedly involves mimicking a well-
understood model prokaryote such as Escherichia coli. In addition, FtsZ 
itself was traced all the way back to a common ancestor[27-28], and is 
therefore likely to be relevant in such a minimal cell approach. Attempts to 
perform membrane divisions by the formation of a Z-ring, however, have 
not been successful yet as described in chapter 1.  
Interestingly, attempts to divide complex coacervates with FtsZ 
Figure 4.3. The deformation of G156E FUS-GFP coacervates by aggregation of the FUS 
protein[24], scale bar: 10 µm. 
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have not been described so far. Coacervates are expected to enhance FtsZ 
bundling because they are crowded phases and contain polycations. In 
turn, these bundles might be able to deform coacervates, analogous to, for 
example, coacervates of the RNA-binding G156E FUS protein that have 
been shown to transform from spherical coacervates into irregularly shaped 
particles upon aggregation of the FUS protein[24] (figure 4.3). Any division 
of the deformed coacervates would then rely on surface energy, 
polymerization kinetics, and the physical chemistry of FtsZ bundles and 
coacervates. Such a system could also provide new insights into the 
physical aspects of cell biology in general.  
In our approach, we use complex coacervates consisting of RNA 
and a disordered protein because of their biological relevance and because 
such coacervates have been successfully used in vitro previously[8, 29]. To 
produce easy to visualize complex coacervates we use a GFP protein that 
has a C-terminal elastin-like tail of 72 repeats, each containing one lysine 
residue and thus one positive charge[30] (GFP-K72; figure 4.4).  
Previous work in our group has shown that upon mixing GFP-K72 
and torula yeast RNA in 1:1 charge ratios, spherical droplets are obtained 
that wet the microscope slide and are strongly enriched in GFP-K72 (figure 
4.5a). Formation of these structures is sensitive to salt concentration, as is 
characteristic for complex coacervates[31]. When the ionic strength increases, 
the charge-charge interactions are shielded and the coacervates dissolve 
(figure 4.5b). The obtained droplets thus behave like complex coacervates 
and are suitable to be supplemented with FtsZ in order to monitor whether 
FtsZ can generate forces that deform the droplets.  
 
N-GFP-GAGP[GVGVP(GKGVP)9]8GWPH6-C 
 
Figure 4.4. GFP-K72, adapted from Pesce et al. 2013[30].  
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Figure 4.5. a) GFP-K72/RNA coacervates; b) Existence of the coacervate depends on ionic 
strength. Pictures adapted from Joost Groen.  
 
 
 
Figure 4.6. GFP-K72/RNA complex coacervates with FtsZ. a) FtsZ (0.5 g/L) partitions inside 
complex coacervates in the absence of GTP; b) In the presence of a GTP gradient, FtsZ 
bundles deform coacervates, visualized in the GFP, FtsZ and merged channels; c) In the 
presence of 9 mM GTP and absence of FtsZ, complex coacervates are spherical; d) 
Coacervate deformations are reversible as a consequence of GTP hydrolysis.  
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4.2 Results  
 
4.2.1 FtsZ in GFP-K72/RNA complex coacervates  
 
Upon mixing of GFP-K72 and torula yeast RNA with FtsZ, spherical 
coacervates are formed that are enriched in FtsZ, with a partition coefficient 
of 12 (figure 4.6a). When GTP is added to the system, a variety of complex 
coacervate morphologies can be obtained depending on GTP concentration 
(figure 4.6b). As expected, deformations are not caused by GTP alone 
because coacervates are spherical when no FtsZ is added to the solution 
(figure 4.6c). Coacervate deformation in the presence of FtsZ and GTP is 
completely reversible as the coacervates will return to a spherical shape 
upon FtsZ depolymerization (figure 4.6d).  
 
4.2.2 Coacervate bundles  
 
At 1.0 g/L FtsZ and above 6 mM GTP concentration, elongated 
coacervate bundles with overlapping GFP and FtsZ signal coexist with the 
more spherical, deformed coacervates (figure 4.7a). The coacervate bundles 
can be recognized by their high GFP intensity, their apparent homogeneous 
thickness of 0.4 microns, and their dynamic behavior. When using 
fluorescently labeled RNA, the regions of high GFP signal perfectly overlap 
with the RNA signal (figure 4.7b). In contrast to FtsZ bundles that are 
induced by macromolecular crowding or polycations, which do not show 
any dynamics other than monomer exchange as described in chapter 3, the 
coacervate bundles can bend, move, shrink, grow, fuse and split (figure 
4.7c). In concentrated FtsZ and coacervate conditions they grow tens of 
microns long and connect into a dynamic network (figure 4.7d).  
 
4.2.3 Binary fission of FtsZ-coacervate bundles  
 
Excitingly, when following the coacervate bundles over time, at 
some point we observed that they all undergo multiple rounds of 
spontaneous binary fission (figure 4.8a). This phenomenon is very 
reproducible and some of these bundles continue splitting until they are 
hardly visible.  
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Figure 4.7. FtsZ-coacervate bundles. a) Coacervate bundles at 1.0 g/L FtsZ, scale bar: 10 µm; 
b) The bundles contain both RNA (red) and GFP-K72 (green) and are thus fully coacervate, 
scale bar: 10 µm; c) The coacervate bundles show high dynamicity, scale bar: 5 µm, time in 
minutes; d) At concentrated conditions, a network of coacervate bundles can be formed, 
scale bar: 30 µm.  
  
When optimally visualizing the division events in both the GFP and 
FtsZ channels, it becomes apparent that the coacervate and FtsZ bundle do 
not divide at the same time. The coacervate always splits first, only a very 
small amount of GFP-K72 remains associated with the central part of the 
FtsZ bundle. Subsequently this part of the FtsZ bundle disappears, as well 
as the remaining GFP-K72 (figure 4.8b). Right after splitting of the 
coacervate, the FtsZ bundle grows which results in a movement of the two 
divided coacervates to a new position before they start a new iteration. The 
division process ends when the coacervate bundles start to relax towards a 
spherical shape. It seems that at this point, the FtsZ has consumed so much 
GTP that the system depolymerizes.  
The time between a division event and the division of a daughter 
coacervate bundle was analyzed and ranges between 2 and 24 minutes. The 
doubling time of the number of coacervate bundles is calculated to be 16.3 
minutes (figure 4.9), which is nicely within this time range.  
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Figure 4.8. Binary fission of coacervate bundles. a) Over time, the number of coacervate 
bundles drastically increases as a result of the division events, scale bar: 30 µm; b) Typically, 
a division event consists of the following phases: growth of the coacervate bundle, 
withdrawal of the coacervate to the bundle extremes, elongation of the FtsZ bundle and 
depolymerization of the FtsZ in between the daughter coacervates. Top: merged channels, 
middle: GFP channel, bottom: FtsZ channel, contrast enhanced. Scale bar: 10 µm.  
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Figure 4.9. Number of coacervate bundles over time, fitted with an exponential function 
(black curve).  
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4.2.4 Length analysis of the dividing bundles  
 
While the coacervate bundles divide, the amount of coacervate 
remains constant. Less coacervate is thus available per bundle as the 
divisions proceed, and this might be the limiting factor in bundle length. To 
determine whether this could be the case, the length of coacervate bundles 
was analyzed over time. As expected, bundles on average decrease in 
length from the moment the divisions start; before this, the bundles are 
growing (figure 4.10a).  
Least squares fitting of the descending part of the plot gives a half-
time of the average length of 3.9 minutes (figure 4.10b), which is lower than 
the calculated doubling time of the amount of coacervate bundles. 
Therefore it seems that the bundles shrink over time on top of their 
dividing behavior. To look into this more closely, length analysis of 
individual bundles is performed.  
To reliably compare growth rates of dividing and non-dividing 
bundles, a different dataset was analyzed in which the state of continuous 
divisions was not yet reached, but a part of the bundles divided once. All 28 
non-fusing, non-dividing bundles and all 13 non-fusing, dividing bundles 
from this dataset were used for this analysis. Non-dividing bundles were 
growing and shrinking at both bundle ends, but retained their length on 
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Figure 4.10. Bundle length analysis. a) The average bundle length increases until the bundles 
start to divide around t=9 minutes; while the divisions proceed, the average length decreases 
exponentially; b) Least squares fit of the exponential decay after 8 minutes (black curve).  
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average (figure 4.11a). Maximal shrinking and growing rates are similar to 
each other, around 1 µm per minute (figure 4.11b).  
For dividing bundles, the bundle length initially increases and after 
division decreases (figure 4.12a), which is in agreement with data from the 
previous dataset. The growth rate of single bundles is nevertheless variable, 
and maximal growing and shrinking rates at this stage are comparable to 
non-dividing bundles, 1 µm per minute (figure 4.12b). More interestingly, 
the average growth rate reaches 0.3 µm per minute just before splitting, 
which is more than twice the maximal average rate in non-dividing bundles 
as can be seen in figure 4.11b. Subsequently the combined length of the two 
daughter bundles decreases rapidly and significantly after the division 
event (figure 4.12c), with a minimal average rate of -1.2 µm per minute 
(figure 4.12d) and a peak value of -3.2 µm per minute.  
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Figure 4.11. Analysis of 28 individual non-dividing coacervate bundles. a) On average (dark-
blue line), these bundles retain their length; b) The non-dividing bundles show alternating 
phases of growth and shrinkage, while the average rate (dark-blue line) is relatively stable. 
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Figure 4.12. Growth analysis of 13 dividing coacervate bundles; after division, the combined 
length of the daughter bundles is used. a) Individual bundle lengths; b) Individual bundles 
all showing negative growth rates after the splitting event; c) Average length of the dividing 
bundles, error bars: standard error; d) Average growth rates of the dividing bundles, error 
bars: standard error.  
 
Figure 4.13. Growth of the FtsZ bundle after division of the coacervates. Time in minutes; 
scale bar: 10 µm.  
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The shrinkage of the coacervate bundles after splitting probably 
involves relaxation of the initially stretched coacervates towards a more 
spherical shape, as complex coacervates are normally spherical and 
elongation increases their surface energy. The sudden growth of the FtsZ 
bundle afterwards, with daughter coacervates moving away from each 
other (figure 4.13), might indicate that growth of the FtsZ bundle is not 
limited intrinsically, but inhibited if the coacervate is maximally elongated.  
 
4.3 Discussion and conclusion  
 
Incorporation of FtsZ in complex coacervates led to a controlled 
type of coacervate binary fission. To our knowledge this is the first example 
of binary fission of small compartments that is driven by the consumption 
of chemical energy. Such out-of-equilibrium compartments are interesting 
material for artificial life research. The system appears robust: divisions are 
always preceded by growth of the coacervate bundle and followed by 
shrinkage. Therefore, it seems that there is a general mechanism by which 
the divisions are induced. This mechanism still needs to be elucidated, but 
it might involve the surface tension of the coacervates or local differences in 
FtsZ bundle properties that attract the coacervate to the extremes of the 
bundle. In the next chapter I will discuss a number of possible scenarios 
that play a role in the division process.   
To build our dividing system, only four different compounds are 
necessary, besides compatible buffer conditions. This unexpectedly simple 
way of performing controlled binary fission could be further improved for 
use in the field of artificial cell division, for example by continuously 
supplying the system with all components to allow for faster growth and a 
higher number of iterations.  
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4.5 Materials and methods  
 
General  
E. coli FtsZ was isolated and labeled according to Rivas et al. 2000[32] 
and dialyzed against working buffer (180 mM potassium glutamate, 5 mM 
magnesium glutamate and 50 mM HEPES buffer, pH 7.5). GFP-K72 was 
expressed and isolated according to Pesce et al. 2013[30], purified by anion 
exchange chromatography and dialyzed against 10 mM NaCl and 10 mM 
Tris-HCl buffer, pH 7.5. Guanosine triphosphate lithium salt, torula yeast 
RNA and other reagents were obtained from Sigma Aldrich.  
 
Sample preparation  
FtsZ-containing complex coacervates were prepared by carefully 
mixing GFP-K72 and torula yeast RNA to 1:1 charge ratios in buffer with 
guanosine nucleotide and addition of FtsZ to final concentrations of 0-10 
mM guanosine nucleotide, 35 µM GFP-K72, 2.5 mM RNA nucleotides and 
0, 0.5 or 1.0 g/L FtsZ with 2% FtsZ-Alexa647. Final buffer concentrations 
were 90 mM potassium glutamate, 2.5 mM magnesium glutamate and 25 
mM HEPES buffer, pH 7.5. After addition of FtsZ and careful mixing, a 
volume of 10 µL was immediately applied between two cover slides to 
follow the coacervates via confocal microscopy. To apply a GTP gradient, 
the GTP volume was not mixed into the sample but added at one side 
between the two cover slides after sample preparation. To visualize RNA, 
1.3% of 50.2 µM Alexa647 molecular beacon RNA was added to the RNA 
and FtsZ-Alexa647 was left out of the sample. The molecular beacon 
consists of the sequence 5’ - Alexa647 - GCG CAA AUA AAU UUA AGG 
GUA AGC GC - Iowa black quencher - 3’ and opens up non-specifically in 
the presence of torula yeast RNA.  
 
Sample analysis  
Fluorescence images were obtained at room temperature via a CSU 
X-1 Yokogawa spinning disc confocal unit connected to an Olympus IX81 
inverted microscope, using a 100x piezo-driven oil immersion objective 
(NA 1.3) and 488 and 640 nm laser beams. Emission was measured at 500-
550 nm and 677-723 nm, respectively, 1.0 s exposure time, using an Andor 
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iXon3 EM-CCD camera. Movies were made by taking one frame at each 
wavelength every 30 seconds.  
 
Image analysis  
Bundle dimensions were measured in Fiji/ImageJ. To determine the 
FtsZ partition factor, the average FtsZ-Alexa647 intensity inside and 
outside complex coacervates was measured in the absence of GTP. For 
tracking bundle length over time, the JFilament plugin was applied for 
frames obtained in the GFP channel, that were optimized for analysis using 
the auto local threshold algorithm. Doubling and half-times were calculated 
by least squares-fitting of data with an exponential curve of the formula a · 
e±bt + c; the doubling or half time is then given by Ln2/b.  
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Chapter 5. Mechanisms for FtsZ-driven 
complex coacervate division  
 
 
Abstract  
 
The binary fission of coacervate bundles in the previous chapter 
needs to be further investigated in order to understand the mechanism of 
division. Several hypotheses for this mechanism were examined in this 
chapter. Roughly, there are two types of possible mechanisms: those that 
involve fluid breakup as a result of surface energy reduction, and those 
involving FtsZ depolymerization at the center of the coacervate bundle, 
which leads to destabilization of the coacervate. Experimental analysis 
shows that the coacervate bundle divisions are in poor agreement with the 
physics underlying Plateau-Rayleigh instability or fluid thread breakup. 
Indisputable proof for destabilization of the bundle centre via one of the 
proposed mechanisms was not found either, but the general scenario seems 
likely because of the GTP-dependency of the coacervate bundle divisions.  
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5.1 Introduction  
 
In the previous chapter we saw that Escherichia coli FtsZ can drive 
the division of coacervate bundles, bundles that consist both of FtsZ and 
GFP-K72/RNA complex coacervates. To understand the relevance of this 
process and whether the same principle is applicable in other chemically 
active systems, it is necessary to elucidate how this process is physically 
and chemically controlled.  
As described in chapter 4, the coacervate bundles are dynamic 
structures that can divide by withdrawal of the coacervate phase towards 
the ends of the FtsZ bundle, which looks like a dewetting process. The 
coacervate-less part of the FtsZ bundle subsequently depolymerizes and 
two independent coacervate bundles are formed. Before dividing, the 
coacervate bundles grow on average, but individual bundles might also be 
shrinking. After the splitting process, on the contrary, all daughter 
coacervate bundles initially decrease in length. Importantly, this process 
can repeat itself multiple times. 
The mechanism behind these divisions could depend on different 
parameters. In figure 5.1, the most important physical and chemical 
features of coacervate bundles are depicted. The coacervate phase is a fluid 
phase that has to deal with two interfaces: the coacervate-FtsZ interface and 
the interface of the coacervate with the surrounding dilute solution. As 
coacervates are liquid phases with a certain surface tension[1], they want to 
minimize the surface of the interface with the dilute phase. The coacervates 
are at the same time expected to have a large affinity for FtsZ because FtsZ 
is a polyelectrolyte itself. Indeed, the coacervates wet FtsZ which leads to 
the formation of the coacervate bundles.  
 
 
Figure 5.1. Schematic representation of a coacervate bundle, showing characteristic factors 
that might contribute to coacervate bundle divisions.  
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Moreover, FtsZ polymerizes and depolymerizes, creating dynamic 
protofilaments and bundles. Over time this might lead to differences in 
protofilament length or FtsZ density inside the coacervate bundles. Bundle 
growth and wetting of the FtsZ protofilaments by the coacervate phase 
might together lead to coacervate elongation. Additionally, FtsZ turnover 
leads to the generation of GDP and inorganic phosphate, at the expense of 
GTP. There is continuous diffusion of FtsZ monomers, GTP, GDP and 
phosphate which could be important for the behavior of the coacervate 
bundles.  
The different physical properties of FtsZ and coacervate could lead 
to different arrangements of the FtsZ protofilaments inside the coacervate 
bundles. One possible arrangement is the formation of a coacervate film 
around a compact FtsZ bundle. Such a system is a special case in fluid 
physics. The surface tension between the coacervate and the dilute solution 
could lead to spontaneous division of the coacervate phase when small 
pertubations cause surface instability. This effect is known as Plateau-
Rayleigh instability[2-3].  
Initially, Plateau-Rayleigh instability was studied as a property of 
liquid jets that break up into multiple droplets. Such breakup is driven by 
the minimization of the total fluid surface that is exposed to the 
surrounding medium, in order to reduce surface energy. The effect also 
applies to fluid films on a fiber[4] (figure 5.2), like the coacervate bundles 
that might comprise a coacervate film around an FtsZ bundle. Even if the 
Figure 5.2. A liquid film around a fiber destabilizes spontaneously in order to reduce the 
total surface energy.  
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FtsZ and the coacervate have a large affinity for each other, a homogeneous 
film of coacervate will be unstable, because Plateau-Rayleigh instability is 
independent of the contact angle[4]. As a result, only a very thin layer of 
coacervate remains around the bundle and the excess of coacervate is 
collected in spherical droplets along the bundle[5]. The tendency of a liquid 
film to form droplets with a more spherical shape could be an explanation 
why the coacervate retracts from a part of the FtsZ bundle during the 
division process as described in chapter 4. This could also explain why the 
combined length of the daughter coacervate bundles is initially smaller 
than the length of the mother coacervate bundle. Subsequent growth of the 
FtsZ bundle and elongation of the daughter coacervate would then allow 
multiple iterations of the division process.  
Fragmentation of a liquid film by Plateau-Rayleigh instability is 
highly robust and controllable. The fiber radius b determines the distance 
between the positions of breakup, in other words the wavelength λ of the 
breakup[4]:  
 
𝜆 = √8𝜋𝑏                                                    (5.1) 
 
The surface tension γ and the viscosity η of the fluid, as well as the 
initial film thickness 𝑒0 influence the speed at which the amplitude grows 
and thus the time of breakup τ[4]:  
 
𝜏 = 12
𝜂𝑏4
𝛾𝑒03
                                                   (5.2)  
 
Since complex coacervates are generally very viscous[6] and have a 
low surface tension[1], breakup is expected to be slow and could well take 
several minutes, as experimentally observed for the splitting of coacervate 
bundles in the previous chapter.  
Another possible arrangement of the coacervate bundles is the 
wetting of FtsZ protofilaments with a very thin layer of coacervate, such 
that most of the coacervate is in the space between the protofilaments.  In 
that case, FtsZ and the coacervate might together form a single phase 
because FtsZ, as a negatively charged rod, can contribute to the formation 
of a coacervate phase itself[7]. Such a phase could be subject to a more 
generalized form of Plateau-Rayleigh instability: fluid thread breakup[8]. 
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Elongated fluid droplets that do not have a static fiber in the core also show 
controllable breakup dynamics in order to reduce their surface energy. The 
initial radius of the thread, a, then defines the dominating wavelength of 
the breakup[4]:  
 
𝜆 ≈ 9𝑎                                                    (5.3) 
 
Again, growth of the FtsZ bundle after breakup would be the 
driving force behind repeated divisions.  
Coacervate bundle division via fluid breakup phenomena could be 
influenced by biochemical properties of the system. Complex coacervates 
are highly sensitive to changing salt concentrations. Ionic species with low 
valency can shield charges on the polyelectrolytes and inhibit coacervate 
formation. Their concentrations then need to be high enough so that the 
entropy loss of concentrating ions around the polyelectrolytes is low[9]. In 
general, increasing salt concentrations therefore lead to decreasing viscosity 
and surface tension of complex coacervates[1, 6]. When GTP is converted to 
GDP and phosphate, the concentration of ionic species goes up while their 
average charge goes down. This could speed up destabilization of the 
coacervate via physical breakup mechanisms.  
If most of the coacervate is in between the FtsZ protofilaments, 
another physical phenomenon could contribute to the coacervate bundle 
divisions. Capillary forces are important to determine whether a space 
between FtsZ protofilaments will be filled with coacervate or not. Since 
there is a strong interaction between FtsZ and the coacervate phase, there 
will always be a certain force that sucks the coacervate into these spaces. 
The lower the diameter of the space, however, the larger this force[4]. 
Consequently, coacervate might travel into the thinnest cavities between 
the protofilaments which leads to withdrawal of the coacervate elsewhere. 
This could lead to divisions if the protofilament density is variable. 
Biochemical properties of the coacervate bundles are therefore essential in 
this scenario. Over time, the GTP concentration in the sample goes down 
and the average protofilament length or density might decrease, because 
FtsZ depolymerization is faster at lower GTP concentrations[10] and subunit 
release is enhanced by higher relative GDP concentrations[11]. At the 
extremes of the coacervate bundles, meanwhile, more protofilament ends 
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are exposed to the surrounding solution and available for stabilization. A 
theoretical analysis shows that elongated structures also have more 
nutrients available around the extremes, which leads to further elongation 
of such structures[12]. In the case of coacervate bundles, more FtsZ 
monomers and GTP might be available around the bundle ends, another 
reason why these ends might become more stabilized (figure 5.3). 
Therefore, it is possible that the protofilament density decreases the fastest 
at the center of the bundle, which eventually leads to coacervate 
withdrawal and coacervate bundle division.  
Similar to local variations in protofilament length or density, there 
could also be local variations in GTP, GDP and phosphate concentrations 
inside the coacervate bundles. Protofilaments at the centre of the bundle 
that grow slowly could be subject to dynamic instability[13-14] and fall apart 
suddenly, thereby releasing retained inorganic phosphate[15] and GDP. The 
latter, in turn, accelerates depolymerization in its vicinity[11]. Moreover, 
diffusion in complex coacervates is probably hampered for charged species 
because they can undergo charge-charge interactions[16]. Therefore the local 
GDP and phosphate concentrations could possibly increase significantly. 
These species have a low charge compared with other components inside 
the coacervates and are expected to destabilize the coacervate by shielding 
the electrostatic interactions that make up the coacervate phase. As a 
consequence, the coacervate could locally dissolve, which leads to division 
of the coacervate bundle. For this mechanism, it does not matter whether 
most of the coacervate is in between the FtsZ protofilaments or around the 
FtsZ bundle.  
 
Figure 5.3. More FtsZ monomers and GTP are available for the coacervate bundle ends, as 
depicted by arrows: the bundle ends have a larger volume of surrounding solution available 
from which they can take up polymerization nutrients.  
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Summarizing, both physical and biochemical phenomena contribute 
to the mechanism of coacervate bundle division, but it is not 
straightforward to say which combination of factors leads to the observed 
behavior. Therefore, the possibility of the phenomena hypothesized above 
to contribute to coacervate bundle division will be explored in this chapter.  
 
5.2 Results  
 
5.2.1 GTP dependency of the division process  
 
If the coacervate bundle divisions are simply determined by FtsZ 
bundle growth and subsequent Plateau-Rayleigh instability or fluid thread 
breakup, the process should be largely GTP-independent: providing the 
necessary amount of GTP for the bundles to grow should be enough to 
provide circumstances in which they can divide as well. However, it 
seemed before that the coacervate bundles are not equally stable under all 
conditions. In the previous chapter, for example, two different datasets 
where used because in one sample, all bundles were dividing during the 
recorded time frame, whereas in the other, only a small percentage of them 
were dividing. To investigate whether this could depend on GTP, bundle 
division was monitored at different GTP concentrations (figure 5.4a).  
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Figure 5.4. a) Timing of the coacervate bundle divisions depends on initial GTP 
concentration; b) In samples that are supplemented with a GTP regeneration system, 
divisions are not inhibited and even obtained slightly longer. Error bars: standard error.  
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Interestingly, it turns out that the timing of both the onset of binary 
fission and the depolymerization of the coacervate bundles are highly GTP-
dependent. The more GTP is added, the longer it takes before divisions 
start and stop, which indicates that there is a specific GTP concentration 
range at which these divisions can happen rather than a specific length or 
ratio of length and coacervate volume that triggers a fluid instability. One 
possibility is that this GTP dependency could be explained by changing 
GTP, GDP and phosphate concentrations in the samples. Because the 
stability of complex coacervates is very dependent on salt concentrations, 
the η/γ ratio will decrease as a result of GTP hydrolysis by FtsZ[1, 6]. This 
could lead to a significant increase in the speed of fluid breakup and might 
explain why divisions are not always obtained.  
If coacervate bundle divisions are indeed determined by such 
destabilization, divisions should always take place when GTP has 
decreased and significant amounts of GDP and phosphate are already in 
the system. Whether this is the case can be easily checked by adding a GTP 
regeneration system (GTP-RS) to the coacervate bundles that 
phosphorylates GDP back into GTP. This system keeps the GDP 
concentation almost zero[11]. It turns out that implementing GTP-RS at 7.4 
mM GTP does not inhibit splitting of the coacervate bundles. Instead, 
divisions continue even longer (figure 5.4b), although not as long as the 
GTP-RS is expected to keep the GTP concentration constant. This is 
probably caused by the higher salt concentrations that come with the 
regeneration system and destabilize the coacervates.  
The quick onset of divisions at low GTP concentrations is thus not 
caused by relatively rapid hydrolysis of a substantial part of the GTP, but 
by the low GTP concentration itself, independent of the GDP concentration. 
The observation of the first division after almost 20 minutes at low GTP 
concentrations can be explained because the system probably needs some 
time to settle and polymerize right after its preparation. 
 
5.2.2 Breakup of the coacervate phase  
 
To further investigate whether fluid breakup mechanisms could 
explain the coacervate bundle divisions, the shape of the coacervate 
bundles should be determined. The coacervate bundle thickness was 
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measured using the best possible resolution that could be obtained via 
confocal microscopy. The measured thickness of both the coacervate and 
the FtsZ bundle was around 400 nm which either means that FtsZ 
protofilaments and coacervate are completely mixed or that the actual 
thickness is below the resolution of the objective. As stochastic optical 
resolution microscopy (STORM) like in chapter 2 is not suitable for this 
dynamic system because of the long imaging times, transmission electron 
microscopy (cryoTEM) was used to visualize the coacervate bundles at 
Figure 5.5. CryoTEM images of samples with FtsZ, 10 mM GTP and coacervate. Darker 
areas, like the one encircled in the upper left corner, are thought to be coacervates.  
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higher resolution. We should however take into account that the coacervate 
bundle morphology might differ between cryoTEM and fluorescence 
microscopy samples, because sample preparation involves bundle 
adsorbtion to the TEM grid and removal of excess solution.  
CryoTEM gave clear images of individual protofilaments, most of 
them in bundles. Bundles are also present within darker areas which we 
presume to be coacervate droplets (figure 5.5). The protofilament thickness 
is 8 ± 1 nm, which is comparable to literature values[17-19] and in agreement 
with the 5 nm hydrodynamic radius of FtsZ monomers[20]. The average 
distance between bundled protofilaments is somewhat larger, 19 ± 2 nm. 
The diameter of the bundles is highly variable: 97 ± 62 nm on average and 
around 300 nm maximum. The latter is still lower than the diameter 
obtained by confocal microscopy, which confirms that the resolution of the 
confocal microscopes is not high enough to measure the bundle thickness.  
A drawback of electron microscopy, however, is that structures are 
frozen and their fluorescence can not be observed, so that coacervate 
bundles can not be distinguished from normal FtsZ bundles by dynamics 
or high GFP signals. Although darker structures are present which we 
believe are coacervates, bundles of FtsZ protofilaments with a layer of 
coacervate were not observed.  
Using equation 5.2 it is possible to estimate the fluid film thickness 
that would be necessary to obtain Plateau-Rayleigh instability over the half 
times observed in the previous chapter. According to literature, typical η 
and γ values for complex coacervates are 100 Pa·s and 2 mN·m-1, 
respectively[21-24]. The η/γ ratio is then 0.05 s·µm-1. This is close to the η/γ 
ratio of P-granule mimicks that consist of RNA and the disordered, 
arginine-rich LAF-1 protein, which is 0.12 s·µm-1[25]. Because the latter 
coacervates are closely related to our GFP-K72/RNA complex coacervates, 
we use this value as a starting point to calculate the expected fluid film 
thickness. For a doubling time of the coacervate bundles of 16.3 minutes 
and an average bundle radius of 49 nm, equation 5.2 then gives 𝑒0 = 2.0 nm. 
This number does not vary much with the η/γ ratio: decreasing or 
increasing the η/γ ratio with a factor 10 leads to a film thickness of 0.95 and 
4.4 nm, respectively. In all these cases, the film is thinner than the 
protofilaments. These observations indicate that fluid breakup via Plateau-
Rayleigh instability is unlikely.  
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Importantly, it is also possible to check whether the range of bundle 
thicknesses found by cryoTEM and the lengths of splitting coacervate 
bundles are in agreement with fluid instability as defined by equation 5.1 
and 5.3. Using the average bundle radius of 49 ± 31 nm, the length at which 
the film around a bundle is expected to break up in two droplets should be 
0.44 ± 0.28 µm both for Plateau-Rayleigh instability and fluid thread 
breakup. In chapter 4, however, bundle lengths of splitting bundles were 
over 1 µm (figure 4.10a) and up to 10 µm (figure 4.12a). If we use the 
maximal obtained bundle thickness of 300 nm, the calculated length 
becomes 1.3 or 1.4 µm, which could explain some of the divisions in the 
dataset of figure 4.10. To explain those in the dataset of figure 4.12, 
however, the coacervate bundles should still be up to a factor of 8 thicker, 
which would be easily observed by confocal microscopy.  
Alternatively, thin bundles might be significantly elongating during 
the division process, but in figure 4.10 and 4.12 we have seen that on 
average, bundles grow by a factor 2 maximally.  
Summarizing, the bundles seem to be too long and thin to obtain 
binary fission via fluid breakup mechanisms; breakup in multiple bundles 
would be expected in many cases but is never observed. Taken together 
with the GTP dependency of the division process, it seems that fluid 
instabilities can not explain the observed coacervate bundle divisions.  
 
5.2.3 Local GDP and phosphate release  
 
The finding that the division process takes place in a small range of 
GTP concentrations might be explained by FtsZ destabilization at lower 
GTP concentrations, instead of coacervate destabilization. Especially the 
idea of local bundle destabilization that leads to division fits well with such 
a range of GTP concentrations. As long as the GTP concentration is high, 
bundles are expected to be completely stable, and when it drops too low, all 
FtsZ will be completely depolymerizing. Only at a small range of 
intermediate concentrations it is possible that bundles are destabilized 
partly as a result of local differences in GTP availability.  
For local release of GDP and phosphate to be a possible explanation 
for such coacervate bundle division, diffusion of nucleotides should be 
slow enough for these species to accumulate over the time scale of the 
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division process. If a GTP gradient is applied to FtsZ-containing 
coacervates, a wave of coacervate bundle formation and deformation is 
propagating through the sample (figure 5.6a). The speed of this wave can 
be used to get an idea of GTP propagation speed and is around 10 µm per 
minute. Assuming that GDP diffusion is similar to GTP diffusion and that 
phosphate diffusion is even faster, this is too fast to accumulate GDP at the 
center of a coacervate bundle over the time span of a division event, which 
is measured in chapter 4 to last 16 minutes on average. On the other hand, 
diffusion of charged species within the coacervate might be slower due to 
electrostatic interactions but can not be easily measured.  
To further explore the role of GDP and phosphate accumulation, the 
FtsZ-containing coacervates were supplemented with GDP, instead of GTP, 
and the regeneration system. While the GTP concentration in the sample 
slowly increased, spherical coacervates transformed into coacervate 
bundles and eventually started to divide (figure 5.6b). Apparently, a 
decreasing GTP concentration is not a requirement for divisions to take 
place. For FtsZ protofilaments to depolymerize, the GTP concentration 
should first be high enough for polymerization. In this system, however, 
the GTP concentration in principle keeps increasing and stabilizing 
Figure 5.6. a) When a GTP gradient is applied, a wave of depolymerization of coacervate 
bundles travels travels through the sample, scale bar: 20 µm; b) If GTP is being generated, 
coacervates transform into coacervate bundles and divide, scale bar: 10 µm.  
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protofilaments. Nevertheless it might be true that some protofilaments in 
the centre of the bundle become unavailable for GTP supply and 
depolymerize, thereby releasing GDP and phosphate and locally 
destabilizing the coacervate. Therefore, unfortunately, no obvious 
conclusions can be drawn from these results.  
 
5.2.4 Bundle dewetting via capillary forces 
 
Finally, I will discuss the possibility that the coacervate bundles 
dewet locally because the coacervate is withdrawn via capillary forces. To 
check whether this could be true, we want to know whether GTP 
concentrations influence the effects of capillary forces at all. A first clue that 
this could be the case, is the existence of coacervate bundles only above a 
critical GTP concentration of around 6 mM (figure 5.7). At lower 
concentrations, coacervates are being deformed by FtsZ bundles but no 
bundle-shaped, dynamic coacervates are present. Apparently, FtsZ 
bundling alone is not enough to obtain such a strong interaction between 
the coacervate and FtsZ that leads to coacervate bundle formation and 
dynamic behavior. A certain threshold should be crossed which might be a 
threshold where the protofilament density of the FtsZ bundles is high 
enough to facilitate transportation of the coacervate phase into all cavities 
between the protofilaments.  
 
 
Figure 5.7. At high GTP concentrations, coacervate bundles are obtained, whereas at low 
GTP concentrations, only deformed coacervates are found. At 6 mM, an intermediate is 
obtained where coacervate bundles are slightly deformed.  
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When GTP is replaced by its slowly hydrolyzable analog GMPCPP 
(guanosine-5'-((α,β)-methyleno) triphosphate), this leads to strong FtsZ 
polymerization[26]. Consequently, the critical concentration for coacervate 
bundle formation is expected to be lower for GMPCPP than for GTP if it 
indeed depends on polymerization kinetics.  
Because it is likely that in GMPCPP the coacervate bundles can not 
be identified by their dynamics, we use a molecular beacon to label the 
RNA instead of the FtsZ. Despite a slightly higher than usual background 
of other structures, possibly due to the lack of dynamics and bundle 
reformation, some RNA- and GFP-K72-containing bundles can still be 
obtained thoughout samples with 0.6 mM of GMPCPP (figure 5.8), so its 
critical concentration is at least tenfold lower than for GTP. This supports 
the hypothesis in which enhanced FtsZ polymerization enables the growth 
of coacervate bundles via capillary wetting of dense FtsZ bundles.  
As argued before, when the GTP concentration reaches the critical 
concentration for maintaining the coacervate bundles, local differences in 
protofilament properties could lead to local destabilization. Since more GTP 
and FtsZ monomers are available for the extremes of the coacervate bundle, 
protofilaments are probably shorter and less densely arranged in the 
middle. This could lead to withdrawal of the coacervate towards denser 
FtsZ regions at the bundle extremes.  
To control whether the GTP concentration could affect the bundle 
density via differences in protofilament length, a sedimentation velocity 
experiment of FtsZ protofilaments was performed at two different GTP 
Figure 5.8. Some coacervate bundles are obtained at 0.6 mM GMPCPP, scale bar: 10 µm.  
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concentrations and buffer conditions equal to the overall concentrations in 
the coacervate samples. No difference in the size of the dominant species 
was obtained: protofilaments in both conditions have a sedimentation 
coefficient of 10 S (figure 5.9), which corresponds to a length of ~70 
monomers[26]. This is shorter than in control buffer, probably because the 
magnesium concentration is lower in the working buffer to make it more 
suitable for coacervate formation.  
Therefore it seems that the GTP concentration does not influence 
protofilament length, although these experiments do not exclude the 
possibility that protofilament length is affected inside the coacervates as a 
result of ion partitioning. For example, the magnesium concentration is 
lower than the GTP concentration in the buffer but might be higher inside 
the coacervates[27]. In that case polymerization is no longer limited by the 
magnesium concentration. Alternatively, it is possible that the bundle 
density is affected otherwise upon a decrease of the GTP concentration. 
Unfortunately, we are not able to prove any of these options here.  
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Figure 5.9. Sedimentation coefficient distributions of FtsZ protofilaments at different GTP 
concentrations and in comparison to control buffer conditions.  
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5.3 Discussion and conclusion  
 
In this chapter, a set of possible explanations for the mechanism 
behind binary fission of coacervate bundles was explored. One possible 
mechanism is breakup of the coacervate as a result of its surface tension, 
either via Plateau-Rayleigh instability or via fluid thread breakup. A 
problem with these mechanisms is that they predict breakup in multiple 
coacervates for a substantial part of the measured bundle diameters and 
lengths, instead of binary fission, and do not explain the GTP dependency 
of the coacervate bundle divisions. Other possible mechanisms involve 
Figure 5.10. Multiple fission of FtsZ-containing GFP-K72/RNA coacervates; picture adapted 
from Joost Groen.  
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local depolymerization of the FtsZ bundle which eventually leads to 
destabilization of the coacervate. Proposed destabilizing factors are GDP 
and inorganic phosphate release, which leads to coacervate dissolving, or 
decreasing bundle densities which lead to coacervate withdrawal. We were 
not able to provide evidence for one of these hypotheses.  
All mechanisms discussed could fit some of the results from the 
previous chapter, where the bundle length was found to correlate to the 
number of bundles. Coacervate bundles can not grow infinitely because the 
amount of available coacervate is limited. This is universal for the 
coacervate bundles and therefore valid for all possible mechanisms. The 
sudden decrease of the total bundle length right after division could be 
explained by relaxation of the coacervate towards a more spherical shape in 
the case of fluid breakup. However, upon destabilization of the coacervate 
phase at the center of the coacervate bundle, a decrease in total bundle 
length is also expected. Therefore, these data do not provide further 
insights in the system.   
On the contrary, not all proposed mechanisms can simultaneously 
explain the findings of my colleague Joost Groen who accomplished to 
perform multiple fission of large FtsZ coacervates (figure 5.10). This process 
is GTP-dependent like the binary fission of coacervate bundles but does not 
happen in or around a single bundle. Instead, it takes place in an FtsZ mesh 
that is too dense initially to distinguish single bundles or single coacervate 
parts. Thus, it does not seem to involve Plateau-Rayleigh instability or fluid 
thread breakup. Only salt release or density-related dewetting mechanisms 
would allow for GTP-dependent destabilization of the coacervate that starts 
at the GTP-depleted core and quickly moves outwards. In combination 
with FtsZ polymerization at the periphery of the coacervate, this can 
explain the sudden expansion of the system before it breaks up.  
The mechanism of capillary withdrawal is the only one that can 
explain the existence of coacervate bundles and the GTP-dependent 
splitting by a single phenomenon. If the binary fission of coacervate 
bundles indeed involves a dewetting mechanism where GFP-K72 and RNA 
withdraw towards denser bundle parts, the movement of coacervate along 
the FtsZ protofilaments can be approached by a capillary transport 
mechanism in the space between the FtsZ protofilaments. To estimate the 
order of magnitude of the transportation time, we assume that this space 
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acts as a capillary with radius r such that it exactly fits inside the minimal 
space between three FtsZ protofilaments (figure 5.11). The capillary driving 
force can then be written as[4]:  
 
𝐹𝛾 = 2𝜋𝑟𝛾 ∙ 𝑐𝑜𝑠𝜃                                             (5.4)   
 
Where θ is the contact angle between FtsZ and the coacervate in 
buffer. Meanwhile, the viscosity of the coacervate counteracts this force[4]:  
 
𝐹𝜂 = 8𝜋𝜂𝑣𝑥 = 8𝜋𝜂
𝑑𝑥
𝑑𝑡
𝑥                                        (5.5) 
 
With v the speed of the moving coacervate and x the traveled 
distance. The balance between the forces in equations 5.4 and 5.5 leads to 
Washburn’s law[28]:  
 
∫ 8𝜋𝜂𝑥 𝑑𝑥 = ∫ 2𝜋𝑟𝛾 ∙ 𝑐𝑜𝑠𝜃 𝑑𝑡                                   (5.6)  
 
𝑥2 =
𝑟𝛾𝑐𝑜𝑠𝜃
2𝜂
∙ 𝑡                                               (5.7)  
 
For protofilaments with a radius of 5 nm, r is 0.77 nm. Because the 
affinity of the coacervate for FtsZ is very high, it can be considered that 𝜃 →
0. Using η/γ = 0.12 s·µm-1 and a 
traveling distance of 1 µm, equation 
5.7 leads to a transportation time of 
5.3 minutes. The theoretical 
transportation times are thus in the 
same order of magnitude as the 
coacervate bundle division time that 
was found in the previous chapter.  
In summary, a mechanism 
that facilitates binary fission of 
coacervate bundles via GTP-
dependent local bundle properties 
seems a more likely explanation for 
coacervate bundle division than fluid 
breakup phenomena. Such a 
Figure 5.11. Capillary space between FtsZ 
protofilaments.  
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mechanism is very fundamental and similar mechanisms could have been 
in play when cytoskeletal proteins started to evolve as regulators of cell 
division, or might apply for shape transitions and divisions of 
membraneless organelles such as the centrosome. Nevertheless, further 
research to FtsZ properties and GFP-K72/RNA coacervate properties is 
necessary to completely understand this system. The viscosity and surface 
tension of GFP-K72/RNA coacervates could be measured to gain better 
insights in the physics of the system. FtsZ bundle properties as a function of 
GTP concentration should be further characterized. Also, a kinetic model of 
the coacervate bundle divisions could be helpful to elucidate the exact 
mechanism.  
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5.5 Materials and methods  
 
General  
E. coli FtsZ was isolated and labeled according to Rivas et al. 2000[29] 
and dialyzed against working buffer (180 mM potassium glutamate, 5 mM 
magnesium glutamate and 50 mM HEPES buffer, pH 7.5). GFP-K72 was 
expressed and isolated according to Pesce et al. 2013[30], purified by anion 
exchange chromatography and dialyzed against 10 mM NaCl and 10 mM 
Tris-HCl buffer, pH 7.5. Guanosine-5'-((α,β)-methyleno) triphosphate 
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sodium salt and guanosine diphosphate sodium salt were obtained from 
Jena biosciences; guanosine triphosphate lithium salt, torula yeast RNA and 
other reagents were obtained from Sigma Aldrich.  
 
Sample preparation  
FtsZ-containing complex coacervates were prepared by carefully 
mixing GFP-K72 and torula yeast RNA in buffer with guanosine nucleotide 
to 1:1 charge ratios and addition of FtsZ to final concentrations of 5-12 mM 
GTP, 35 µM GFP-K72, 2.0, 2.5 or 3.0 mM RNA nucleotides and 0.5 or 1.0 g/L 
FtsZ with 2% FtsZ-Alexa647. For electron microscopy or when using 0.6-6.0 
mM GMPCPP instead of GTP, RNA was added last to the sample. Final 
buffer concentrations were 90 mM potassium glutamate, 2.5 mM 
magnesium glutamate and 25 mM HEPES buffer, pH 7.5. After addition of 
FtsZ and careful mixing, a volume of 10 µL was immediately applied 
between two cover slides to follow the coacervates via confocal microscopy.  
To apply a GTP gradient, the GTP volume was not mixed into the 
sample but added at one side between the two cover slides after sample 
preparation. To implement a GTP regeneration system, samples were 
prepared that contained 7.5 mM acetyl phosphate and 2 u/mL acetate 
kinase. To slowly generate GTP, samples were prepared that contained 8 
mM of GDP and the GTP regeneration system. To visualize RNA, 1.3% of 
50.2 µM Alexa647 molecular beacon RNA was added to the RNA and FtsZ-
Alexa647 was left out of the sample. The molecular beacon consists of the 
sequence 5’ - Alexa647 - GCG CAA AUA AAU UUA AGG GUA AGC GC - 
Iowa black quencher - 3’ and opens up non-specifically in the presence of 
torula yeast RNA.  
 
Confocal microscopy  
Fluorescence images were obtained at room temperature via a CSU 
X-1 Yokogawa spinning disc confocal unit connected to an Olympus IX81 
inverted microscope, using a 100x piezo-driven oil immersion objective 
(NA 1.3) and 488 and 640 nm laser beams. Emission was measured at 500-
550 nm and 677-723 nm, respectively, 1.0 s exposure time, using an Andor 
iXon3 EM-CCD camera. Movies were made by taking one frame at each 
wavelength every 30 seconds.  
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For measuring bundle thickness at highest possible resolution, a 
Leica SP8x confocal microscope with a 63x oil immersion objective (NA 1.4) 
was used at 488 and 650 nm excitation and 498-600 and 660-750 nm 
emission wavelengths, zoom factor 2 and a line average of 6. Bundle 
thickness was measured manually in Fiji/ImageJ.  
 
Electron microscopy  
CryoTEM grids were prepared by treating Quantifoil R2/2 Cu 200 
mesh grids in a Cressington 208HR sputter coater for 20 seconds. In a FEI 
Vitrobot Mark IV, at 100% humidity, 3 µL of sample was brought on a grid 
and blotted before immediately plunge freezing in liquid ethane. 
Images were obtained on a Jeol JEM-2100 transmission electron 
microscope at 200 kV with a Gatan Orius SC200D camera, at a sample 
temperature of -175 °C.  
 
Sedimentation velocity  
For sedimentation velocity experiments, FtsZ was dialyzed against 
500 mM potassium chloride, 5 mM magnesium chloride and 50 mM Tris-
HCl buffer, pH 7.5. Samples contained 1 g/L FtsZ, 4 or 6 mM GTP, and the 
GTP-RS consisting of 15 mM acetyl phosphate and 1 u/mL acetate kinase, in 
working buffer (180 mM potassium glutamate, 5 mM magnesium 
glutamate and 50 mM HEPES buffer, pH 7.5) or control buffer (500 mM 
potassium chloride, 5 mM magnesium chloride and 50 mM Tris-HCl buffer, 
pH 7.5).  
Sedimentation velocity was carried out at 20 °C and 25000 rpm 
using a Beckman-Coulter Optima XL-I analytical ultracentrifuge equipped 
with interference and UV-visible absorbance optics. The sedimentation 
coefficient distributions were calculated via SEDFIT software, using the c(s) 
method to perform least-squares boundary modeling of sedimentation 
velocity data.  
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6.1 Conclusion and future perspectives 
 
FtsZ is a bacterial cytoskeletal protein that is involved in cell 
division[1]. The protein is capable of forming dynamic protofilaments[2] that 
in vitro assemble into bundles under specific physical and chemical 
circumstances[3-5]. Therefore, FtsZ was used as a probe to investigate the 
effects of the physico-chemical properties of model cellular interiors. The 
physical environment in most living cells is characterized by high 
concentrations of macromolecules[6-7], which leads to a strong depletion 
effect[8-10] that presses molecules such as FtsZ protofilaments together[4, 11-12]. 
At the same time, molecules in the cytoplasm are not inert and undergo 
associative interactions that counteract depletion forces[7].  
 In the first chapters of this thesis, we discovered that a crowded 
environment has a significant effect on FtsZ assembly and dynamics. The 
bundling of FtsZ protofilaments was favored in solutions that mimic the 
crowded cytoplasm, both in the presence and absence of associative 
interactions between crowder molecules. Importantly, this protofilament 
bundling was found to be irreversible as long as the bundles were fueled 
with GTP. Although monomer exchange was observed, FtsZ networks did 
not change their higher-order morphology over time. In inert crowding 
agents or protein crowding agents, 30-70% of monomers inside the bundles 
was available for exchange. In contrast, in E. coli lysate exchange of only 5-
15% of FtsZ monomers was observed.  
This work lead us to hypothesize that the crowded character of the 
cytoplasm can be advantageous to certain cellular processes where 
assembly is desired, but the magnitude of the crowding effect should be 
tailored to avoid freezing of all processes. This is important for example for 
enzymes that function as monomer and need to be free to move in order to 
perform optimally. It seems that biology tuned the associative interactions 
in the cytoplasm such that small, monomeric proteins do not aggregate 
despite high depletion forces.  
Aggregation of large structures usually has to be reversible to 
facilitate remodeling when necessary. This is important for cytoskeletal 
structures that have to rearrange over the different stages of the cell cyclus, 
but for example also for DNA condensates that have to be replicated and 
transcribed from time to time. This reversible aggregation does not seem to 
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be tuned by cellular physics since FtsZ bundle formation in protein 
crowders and cell lysate is irreversible. Probably, the variation in size, 
shape and charge of large structures that are subject to depletion forces is 
too large to be tunable by the physical properties of the cytoplasm. 
Regulatory proteins are a useful alternative to control aggregation in a 
manner that is specifically directed towards one assembly process.  
In the case of FtsZ, we have seen that the regulatory proteins SlmA 
and ZipA enhance monomer exchange in Ficoll and thus influence FtsZ 
assembly in the presence of depletion forces. Because E. coli lysate is 
prepared by removal of membrane and nucleic acid fractions, it probably 
mainly contains the cytoplasmic FtsZ regulatory proteins such as Zap 
proteins that promote protofilament bundling[13-16] and much less of the 
membrane or DNA bound proteins SlmA, MinC and FtsA, that promote 
depolymerization[17-19]. This absence of negative regulatory proteins 
possibly explains the low mobility of FtsZ observed in E. coli lysate. FtsZ 
mobility in vivo might therefore be significantly larger, which is confirmed 
by experimental observations[20]. Moreover, binding of FtsZ to the cellular 
membrane by FtsA[21] and ZipA[22] might affect monomer turnover in 
comparison to our measurements on FtsZ bundles in solution.   
To further improve our understanding of the physico-chemical 
aspects of the intracellular environment, it is necessary to elucidate the 
contributions of different components on, for example, depletion effects 
and associative interactions. Models that calculate the minimal free energy 
for probes and crowding agents with different properties[23-24] need further 
improvement and confirmation with experimental evidence. We have seen 
that charged species such as ribosomes and polyamines strongly enhance 
the bundling of FtsZ protofilaments, and the effects of such compounds 
have to be characterized in much more detail to find the essential 
components of cell lysate that contribute to protofilament bundling. 
Specific and non-specific factors can then be studied separately. Other 
probes should be used as well to understand how cellular physics depend 
on probe size, shape, charge density and possibly also other interactions 
such as hydrogen bonding and hydrophobic interactions.  
Over the course of this project, it became more and more apparent 
from research in other groups that not FtsZ, but cell wall synthesis is the 
force-generating component in bacterial cell division. Modifications of the 
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cell wall production machinery in vivo have a much larger effect on the 
constriction rates of the divisome than differences in morphology or 
GTPase activity of the Z-ring[25]. Moreover, the presence of FtsZ at the 
division site is not enough to initiate constriction: membrane deformation 
only starts upon recruitment of the cell wall synthesis machinery[26]. Very 
recently, treadmilling filaments of FtsZ and FtsA around the cell division 
site were found to guide this machinery and to define cell wall synthesis 
and divisome constriction rates by the speed of treadmilling[27]. Therefore, 
instead of generating constriction forces, FtsZ probably precisely directs 
and regulates cell wall synthesis and subsequent membrane invagination[28]. 
These findings explain why attempts to control artificial cell division with 
FtsZ alone never worked out well. Nevertheless, FtsZ dynamics affect the 
speed of contraction[27, 29] and it is still interesting to study these dynamics 
depending on specific and non-specific factors in order to understand how 
they influence cell division.  
The FtsZ-mediated division of complex coacervates, described in the 
last chapters of this thesis, is an interesting finding in the perspective of 
force generation. Apparently, FtsZ can use its GTPase activity to divide 
compartments, but in a way different from ring formation and contraction. 
It would be interesting to continue the quest for the mechanism behind 
coacervate bundle division, but apart from that, the system could be used 
to explore how it could be improved as an artificial cell model. For 
example, it might be possible to perform in vitro transcription translation 
(IVTT)[30-31] inside the coacervate bundles to produce additional RNA, FtsZ 
and GFP-K72, so that the bundles can continue growing if sufficient GTP is 
provided. The division process can probably be influenced with FtsZ 
regulatory proteins to control it in different manners. It might also be 
possible to surround the coacervates with a membrane by spontaneous 
assembly[32]. Using pore proteins such as alpha-haemolysin, the membrane 
can be made permeable for GTP to facilitate FtsZ polymerization[33] and it 
can be tested whether division of the coacervate bundles still takes place.  
To accomplish artificial cell division in a more traditional fashion, 
the use of the eukaryotic contractile ring instead of FtsZ could be explored. 
The eukaryotic cell division machinery is based on the cytoskeletal protein 
actin and also makes use of the motor protein myosin II; hence it is called 
the actomyosin ring[34]. Because of the use of a motor protein it should be 
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able to generate much more force than FtsZ. Although in vivo over one 
hunderd proteins are involved in actomyosin-mediated cell division[34], the 
actomyosin structure itself is rather disordered[35], which implies that 
extensive regulation of actomyosin positioning in vitro is not necessary. A 
number of essential proteins might together be enough to accomplish 
artificial cell division. Cdc15, a member of a superfamily of membrane-
shaping proteins, links the actomyosin ring with the membrane[36]. Formins 
are necessary to nucleate actin polymerization[34]. Formation of a ring 
structure could be accomplished via actin exclusion from other parts of the 
artificial cell, for example with a pair of gel beads, by phase separation[37] or 
by linking a negative regulatory protein to a pair of artificial nucleoids like 
in SlmA-mediated nucleoid occlusion.  
Thus, in the best possible scenario, formin, actin, myosin II and 
Cdc15 are the only proteins needed to accomplish in vitro ring growth and 
contraction. Although matters could easily turn out to be much more 
complicated, it would be worth trying because the possibilities with FtsZ 
seem more limited at this moment. Moreover, such an approach can give 
new insights in the essentiality of actomyosin regulators.  
A third option for artificial cell division would be looking into 
alternatives for cytoskeleton elements as a driving force. According to the 
theoretical work of Jülicher and coworkers[38], droplet splitting can be 
accomplished by the continuous generation of droplet material outside the 
droplets, while droplet material is consumed inside the droplet. Complex 
coacervates are ideal candidates to use when bringing this theory in 
practice, because they are biocompatible water-in-water droplets that are 
available for material exchange with the surrounding phase. As discussed 
in chapter 5, the FtsZ-driven division of complex coacervates might already 
be an example of such an active droplets system. However, it would be 
useful to engineer active complex coacervates that are easier to characterize 
and control.  
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Samenvatting  
 
Hoofdstuk 1. Levende cellen zijn ontzettend vol. Twintig tot 
dertig procent van het cellulaire volume is gevuld met grote biomoleculen 
die elkaar daardoor constant in de weg zitten. Eén van de effecten van deze 
zogenaamde macromolecular crowding is dat deze grote moleculen op elkaar 
worden geduwd, wat kan leiden tot de vorming van aggregaten. Dit kan 
zowel een voordeel als een nadeel zijn voor vele processen in de cel.  
In mijn proefschrift bestudeer ik de effecten van crowding op een 
eiwit genaamd FtsZ. FtsZ reguleert de celdeling van bacteriën. Het eiwit 
vormt ketens, filamenten genaamd, die samenkomen tot een ringstructuur 
die langs de binnenkant van de celwand loopt. Als deze zogenaamde Z-
ring zich samentrekt begeleidt hij de groei van de celwand naar binnen toe, 
zodat de cel uiteindelijk in tweeën breekt. Als FtsZ in de cel sterk wordt 
samengeduwd als gevolg van crowding kan dit een voordeel zijn bij het 
vormen van de Z-ring, maar het kan een nadeel zijn bij het samentrekken 
van de ring omdat het gedeeltelijke afbraak en remodellering blokkeert.  
Hoofdstuk 2. Hoe crowding de vorming van FtsZ-structuren 
beïnvloedt heb ik onderzocht door gebruik te maken van microfluïdica. 
Deze techniek faciliteert op een reproduceerbare manier de productie van 
duizenden druppeltjes die fluorescent gelabeld FtsZ bevatten en de 
afmetingen van een cel hebben. Crowding wordt nagebootst door hoge 
concentraties van grote moleculen toe te voegen, bijvoorbeeld eiwitten of 
synthetische polymeren. Vervolgens kunnen FtsZ-structuren in de 
druppeltjes bekeken worden via fluorescentiemicroscopie. Ik heb de 
effecten van synthetische crowders die geen interacties aangaan vergeleken 
met de effecten van eiwitten die associatieve interacties aangaan, omdat 
eiwitten in een levende cel dit ook doen. Eerdere experimenten toonden 
aan dat zulke eiwitten, in tegenstelling tot synthetische crowders, niet in 
staat zijn om kleine testeiwitten op elkaar te drukken. Een wiskundig 
model voorspelde echter dat de eiwitten wel een effect zouden kunnen 
hebben op grotere structuren, zoals de FtsZ-filamenten. Ik nam inderdaad 
waar dat FtsZ-filamenten samenkomen tot lange, dikke bundels in alle 
soorten crowders. Dit suggereert dat Z-ringformatie in de bacteriële cel 
wordt bevorderd door crowding.  
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Hoofdstuk 3. In hoofdstuk 2 werd bovendien een opmerkelijk 
sterke bundeling van FtsZ-filamenten waargenomen in cellysaat, een 
extract van eiwitten uit bacteriën. Dit effect zou kunnen worden 
veroorzaakt door de aanwezigheid van eiwitten die de specifieke functie 
hebben om FtsZ-filamenten te bundelen. Maar het zou ook een resultaat 
kunnen zijn van minder specifieke factoren in het cellysaat, zoals negatief 
geladen moleculen die de negatief geladen FtsZ-filamenten afstoten en 
daardoor sterker op elkaar drukken dan neutrale moleculen. Of positief 
geladen moleculen die interacties aangaan met de FtsZ-filamenten en ze 
daardoor tegen elkaar lijmen. Ik kon inderdaad aantonen dat zowel 
ribosomen, negatief geladen complexen in het cellysaat, als polyamines, 
positief geladen moleculen in het cellysaat, de bundeling van FtsZ 
versterken.  
Deze sterke bundeling zou remodellering van de Z-ring echter 
kunnen hinderen. Daarom heb ik, via de methode fluorescence recovery after 
photobleaching, bestudeerd of FtsZ-bundels in staat zijn om FtsZ uit te 
wisselen met hun omgeving. Het bleek dat deze uitwisseling in cellysaat 
sterk gereduceerd is in vergelijking met alle andere crowders. Bovendien 
wordt de uitwisseling nauwelijks beïnvloed door toevoeging van 
polyamines, behalve in de aanwezigheid van specifieke eiwitten die de 
opbouw en afbraak van FtsZ-structuren reguleren. Het lijkt er daarom op 
dat een combinatie van specifieke en aspecifieke factoren verantwoordelijk 
is voor de sterk gereduceerde dynamiek van FtsZ-bundels in cellysaat. 
Bacteriën omzeilen deze gereduceerde uitwisseling echter, want andere 
onderzoeksgroepen hebben aangetoond dat Z-ringen in levende bacteriën 
wel effectieve uitwisseling vertonen. Het eiwit FtsA, dat ontbreekt in mijn 
modelsysteem, zou hier verantwoordelijk voor kunnen zijn omdat het 
verbonden is met de Z-ring en de afbraak van FtsZ-structuren bevordert.  
Hoofdstuk 4. Cellen kunnen dus worden nagebootst met kleine 
druppeltjes die crowders bevatten, maar er zijn ook andere manieren  om dit 
te doen, zoals het gebruik van complexe-coacervaatdeeltjes. Deze kleine, 
zeer geconcentreerde druppeltjes worden gevormd als tegengesteld 
geladen polyelektrolieten bij elkaar worden gebracht, omdat deze sterk 
geladen moleculen elkaar krachtig aantrekken. Complexe coacervaten zijn 
daarom crowded, maar ook kunnen de positief geladen polyelektrolieten 
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opnieuw fungeren als een lijm voor FtsZ-filamenten. Er kan dan ook 
worden verwacht dat FtsZ bundels zal vormen in complexe coacervaten.  
Als FtsZ en coacervaten worden gemengd, vormen zich lange, 
beweeglijke bundels die zowel uit FtsZ als coacervaat bestaan. Ik heb deze 
bundels coacervaatbundels genoemd. Onder bepaalde condities blijken 
deze coacervaatbundels zichzelf herhaaldelijk te kunnen delen. Dit is een 
erg interessante ontdekking omdat de coacervaatbundels hiermee 
eigenschappen vertonen die gelijk zijn aan bepaalde eigenschappen van het 
leven: net als levende cellen blijven ze bepaalde processen herhalen zodat 
ze zichzelf in stand kunnen houden en zich kunnen voortplanten.  
Hoofdstuk 5. Voortbordurend op deze ontdekking heb ik 
geprobeerd te begrijpen hoe het delen van de coacervaatbundels precies in 
zijn werk gaat. Er zijn ruwweg twee principes die ten grondslag kunnen 
liggen aan deze delingen. De eerste is vooral natuurkundig van aard en 
wordt gedreven door minimalisatie van de oppervlakte-energie van de 
langgerekte coacervaten als ze opsplitsen in kleinere, meer bolvormige 
delen. De tweede is meer biochemisch van aard en gebaseerd op een 
destabilisatie van het middelste gedeelte van de coacervaatbundel als 
individuele FtsZ-eiwitten van de bundel beginnen los te laten. Door de 
dimensies van de coacervaatbundels te meten blijkt dat het eerste scenario 
onwaarschijnlijk is, omdat een minimalisatie van de oppervlakte-energie bij 
de gevonden dimensies meestal zou moeten leiden tot een deling in meer 
dan twee coacervaten. Dit wordt echter nooit waargenomen. Bovendien 
bleek dat de delingen afhankelijk zijn van condities die destabilisatie van de 
coacervaatbundels bevorderen. Deze resultaten wijzen in de richting van 
het tweede scenario. Verder onderzoek is echter nodig om te begrijpen hoe 
dit precies werkt.  
Hoofdstuk 6. In zijn totaliteit laat mijn werk zien dat FtsZ-
structuren die functioneren zoals in bacteriën niet simpelweg kunnen 
worden nagebootst door FtsZ-bundeling in kunstmatige cellen. Dit werd 
bevestigd door recentelijk onderzoek dat aantoonde dat de dynamiek van 
de Z-ring in bacteriën inderdaad afhankelijk is van FtsA. Aan de andere 
kant heb ik laten zien dat FtsZ-bundeling kan worden gebruikt om 
kunstmatige cellen te laten delen op een alternatieve manier, die niet 
afhankelijk is van de vorming en samentrekking van een Z-ring.  
  
- 126 - 
 
  
- 127 - 
 
Summary  
 
Chapter 1. Living cells are extremely full. Twenty to thirty 
percent of the cellular volume is occupied by large biomolecules that, as a 
consequence of their high concentration, constantly hamper each other. One 
of the effects of this so-called macromolecular crowding is that these large 
molecules are pressed together, which can lead to the formation of 
assemblies. This could be both an advantage or disadvantage for many 
processes in the cell.  
In my thesis, I studied the effects of crowding on a protein called 
FtsZ. FtsZ is responsible for guiding the cell division of bacteria. It forms 
filaments that assemble into a ring-like structure along the cell wall at the 
middle of the cell, the site of division. Upon contraction, this so-called Z-
ring guides the cell wall to grow inwards, which eventually makes the cell 
fall apart in two halves. If FtsZ is strongly pressed together by crowding 
effects inside the cell, this could be an advantage for the assembly of the Z-
ring, but it could be a disadvantage for ring contraction because it hampers 
disassembly and subsequent remodeling.  
Chapter 2. I investigated the effects of crowding on FtsZ 
assembly by using the microdroplets in microfluidics platform. This 
technique enables the generation of thousands of cell-sized droplets 
containing fluorescently labeled FtsZ, in a very reproducible manner. 
Crowded conditions are mimicked by the addition of high concentrations 
of large molecules such as proteins or synthetic polymers. FtsZ structures in 
the droplets can subsequently be studied by fluorescence microscopy. The 
effects of synthetic, non-interacting crowding molecules were compared 
with the effects of proteins that undergo associative interactions, like those 
in the real cellular environment. Previous experiments showed that unlike 
synthetic crowders, protein crowders did not press small probes together. 
A mathematical model, however, predicted that protein crowders might 
have an effect on large probes such as FtsZ filaments. Indeed, assembly of 
FtsZ filaments into long, thick bundles was observed in all crowding 
agents. This suggests that crowding in the bacterial cell enhances Z-ring 
formation.  
Chapter 3. Importantly, the strongest bundling of FtsZ 
filaments was observed in cell lysate, a protein mixture extracted from 
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bacterial cells. This could be caused by the presence of proteins in the lysate 
that specifically function as FtsZ bundling agents. However, the enhanced 
bundling might also be caused by the presence of less specific factors, such 
as negatively charged molecules that repel the negatively charged FtsZ 
filaments and press them together more strongly than neutral molecules, or 
positively charged molecules that interact with the FtsZ filaments and glue 
them together. Indeed, I found that both ribosomes, negatively charged 
complexes in the cell lysate, and polyamines, positively charged molecules 
in the cell lysate, were able to enhance FtsZ bundling.  
This strong bundling could impede remodeling of the Z-ring and 
therefore I monitored, by fluorescence recovery after photobleaching, the 
ability of FtsZ bundles to exchange FtsZ subunits. It turned out that in cell 
lysate, this exchange is dramatically reduced compared with all other 
crowding agents. Moreover, the exchange is hardly affected by polyamines, 
but in the presence of specific proteins that regulate FtsZ assembly, 
polyamines do have an effect. Therefore it seems that that combined 
specific and non-specific factors are responsible for the low FtsZ dynamics 
in cell lysate. Bacteria, however, overcome these low dynamics since other 
research groups have shown that Z-rings in living bacteria perform efficient 
exchange. The protein FtsA, which is missing in my model system, is 
probably responsible for this because it is associated to the Z-ring and 
enhances FtsZ depolymerization.  
Chapter 4. Cells can be mimicked by microfluidic droplets 
with crowding agents, but also by complex coacervate particles. These very 
concentrated droplets are formed if oppositely charged polyelectrolytes are 
brought together, because they interact strongly. Complex coacervates are 
therefore crowded, but also the positively charged polyelectrolytes can 
again act as a glue for FtsZ filaments. Bundling of FtsZ in complex 
coacervates is therefore expected.  
When mixing FtsZ with such coacervates, elongated and dynamic 
bundles are formed that consist of both FtsZ and coacervate. I termed these 
coacervate bundles. Under the right conditions, coacervate bundles 
perform repeated divisions. This is a very interesting discovery because 
thereby, the coacervate bundles show life-like properties: like all living 
cells, they keep on repeating certain processes in order to maintain 
themselves and proliferate.  
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Chapter 5. Following up on this discovery, I tried to find out 
what exactly the process of coacervate bundle division is. Roughly, two 
principles could underly these divisions. The first one is merely physical 
and is driven by a reduction of the surface energy of the elongated 
coacervates if they split up in smaller, more spherical parts. The second one 
is more biochemical and involves destabilization of the middle part of the 
coacervate bundle as a result of FtsZ disassembly. By examination of the 
coacervate bundle dimensions, it turned out that the first scenario is 
unlikely, because with the measured bundle thickness and length this 
scenario is expected to predominantly lead to splitting in more than two 
parts. Such behavior was never observed. Moreover, I found that the 
divisions are depending on conditions that promote FtsZ disassembly, 
which supports the second scenario. Further research is necessary to 
understand how this works exactly.  
Chapter 6. Alltogether, my work shows that FtsZ structures 
that function like in bacteria can not be mimicked by simply bundling FtsZ 
filaments in artificial cells. This was confirmed by recent research that 
demonstrated that Z-ring dynamics in bacteria are indeed depending on 
FtsA. On the other hand, I showed that FtsZ bundling can be used to 
perform divisions of artificial cells in an alternative way, independent of Z-
ring formation and contraction.  
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